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ABSTRACT	  
	  
	  This	  study	  focuses	  on	  the	  environmental	  and	  stormscale	  dynamics	  of	  supercells	  that	  produce	   long-­‐track	   tornadoes,	   with	   modeling	   emphasis	   on	   the	   central	   Alabama	   storms	  from	  April	  27,	  2011	  -­‐	  part	  of	  the	  2011	  Super	  Outbreak.	   	  While	  most	  of	  the	  204	  tornadoes	  produced	  on	  this	  day	  were	  weaker	  and	  short-­‐lived,	  this	  outbreak	  produced	  5	  tornadoes	  in	  Alabama	   alone	   whose	   path-­‐length	   exceeded	   50	   documented	   miles.	   	   The	   results	   of	  numerical	   simulations	   have	   been	   inspected	   for	   both	   environmental	   and	   stormscale	  contributions	   that	   make	   possible	   the	   formation	   and	   maintenance	   of	   such	   long–track	  tornadoes.	  	  	  A	   two-­‐pronged	  approach	  has	  been	  undertaken,	  utilizing	  both	   ideal	  and	  case	  study	  simulations	  with	   the	  Weather	  Research	  and	  Forecasting	   [WRF]	  Model.	   	   Ideal	   simulations	  are	   designed	   to	   isolate	   the	   role	   of	   the	   local	   storm	   environment,	   such	   as	   instability	   and	  shear,	   to	   long-­‐track	   tornadic	   storm	   structure.	   	   Properties	   of	   simulated	   soundings,	   for	  instance	  hodograph	  length	  and	  curvature,	  0-­‐1km	  storm	  relative	  helicity	  [SRH],	  0-­‐3km	  SRH	  and	   convective	   available	   potential	   energy	   [CAPE]	   properties	   are	   compared	   to	   idealized	  soundings	   described	   by	   Adlerman	   and	   Droegemeier	   (2005)	   in	   an	   effort	   to	   identify	  properties	   conducive	   to	   storms	   with	   non-­‐cycling	   (sustained)	   mesocyclones.	   	   200m	  horizontal	   grid	   spacing	   simulations	   have	   been	   initialized	   with	   the	   18	   UTC	  Birmingham/Alabaster,	  Alabama	  [KBMX]	  soundings,	  taken	  from	  an	  area	  directly	  hit	  by	  the	  day’s	   storms.	   	   The	   simulation	  yielded	   a	   right-­‐moving	   storm	   that	   exhibited	  non-­‐occluding	  cyclic	   mesocyclogenesis,	   as	   described	   by	   Adlerman	   and	   Droegemeier	   (2002).	   	   Analysis	  scripts	  tracked	  vertical	  vorticity	  maxima,	  quantifying	  mesocyclone	  cycle	  strength,	  duration,	  updraft	  speed,	  and	  other	  associated	  properties.	  	   Case-­‐study	   simulations	   have	   been	   used	   to	   understand	   the	   mesoscale	   forcing	   and	  environmental	   changes	   along	   storm	   tracks.	   	  A	   strong,	   sustained	   (duration	  >	  90	  minutes)	  mesocyclone	   has	   been	   successfully	   modeled	   at	   high	   resolution	   for	   the	   27	   April	   case,	  allowing	   detailed	   analysis	   of	   the	   long-­‐track	   storm	   evolution	   and	   its	   environment.	  	  Simulations	   with	   horizontal	   grid	   spacing	   of	   9km,	   3km,	   1km	   and	   333m	   have	   been	  investigated	  for	  mechanisms	  contributing	  to	  the	  sustenance	  of	  the	  aforementioned	  storm.	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Model	  soundings	  have	  also	  been	  examined	   from	  the	   inflow	  of	  simulated	  storms	   in	  order	  to	  diagnose	  and	  understand	  favorable	  environments	  in	  which	  the	  storms	  may	  have	  developed	  and	  been	  sustained,	  with	  specific	  concentration	  on	  SRH,	  CAPE,	  and	  hodograph	  length	   and	   curvature.	   	   Unsteadiness	   was	   found	   in	   key	   environmental	   parameters	   –	  including	  CAPE,	  LCL,	  and	  vapor	  mixing	  ratio	  –	  indicating	  that	  storm	  inflow	  does	  not	  require	  steady	  state	  thermodynamic	  characteristics	  in	  order	  to	  sustain	  storm	  rotation.	  Additional	   analysis	   focuses	   on	   investigating	   the	   importance	   of	   surface	   moisture	  fluxes	   on	   influencing	   storm	   morphology.	   	   Three	   experimental	   simulations	   modifying	  various	  surface	  conditions	  were	  conducted,	  altering	   friction,	   surface	   fluxes	  and	   longwave	  radiation	   emission.	   	   Inflow	   soundings	   from	   these	   storms	   also	   showed	   fluctuations	   in	  thermodynamic	   fields,	   as	   seen	   in	   the	   full	   surface	   physics	   control	   simulation.	   	   However,	  further	  analysis	  revealed	  that	  storm	  inflow	  kinetic	  fields,	  such	  as	  0-­‐1km	  and	  0-­‐3km	  storm	  relative	   helicity	   varied	   from	   those	   in	   the	   Control.	   	   Storms	   simulated	   under	   full	   surface	  physics	   conditions	   demonstrated	   the	   ability	   to	   modify	   the	   wind	   fields	   in	   their	   inflow	  regions	   both	   to	   a	   greater	   degree	   and	   geographical	   extent	   than	   those	   simulated	   under	  modified	  surface	  physics.	   	  Additionally,	  Control	  storms	  boasted	  lifetimes	  roughly	  twice	  as	  long	  as	   those	  seen	   in	   the	  experimental	   surface	  simulations.	   	  A	   theory	  and	   its	  operational	  applications	  explaining	  this	  behavior	  are	  presented.	  	  Future	  work	  and	  continuing	  questions	  are	  also	  discussed.	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1.	  	  INTRODUCTION	  
	  
	  People	  all	  over	  the	  world	  are	  affected	  by	  severe	  weather	  events	  everyday.	   	  Among	  these,	   tornadoes	   are	   arguably	   some	   of	   the	   deadliest	   and	  most	   devastating	   events.	   	   They	  come	  in	  many	  shapes	  and	  sizes,	  although	  a	  rare	  and	  violent	  event	  may	  produce	  what	  the	  meteorological	   community	   refers	   to	   as	   a	   “long-­‐track”	   tornado.	   	   Long-­‐track	   tornadoes	  are	  defined	  by	  a	  damage	  path	  length	  of	  50+	  miles	  [80+	  kilometers],	  and	  are	  produced	  by	  fast	  storm	  motion	  and/or	  long	  duration	  of	  tornadic	  rotation	  (Edwards	  et	  al.	  2004).	  	  Long-­‐track	  tornadic	  events	  have	  startlingly	  high	   fatality	  rates	  –	  since	  1990,	  only	  0.28%	  of	   tornadoes	  were	   classified	   as	   long-­‐track,	   but	   caused	   over	   22%	   of	   all	   tornado-­‐related	   deaths	   (Storm	  Prediction	  Center	  WCM	  Page).	  	  In	  2011,	  an	  especially	  active	  year	  for	  severe	  weather,	  long-­‐track	  tornadoes	  accounted	  for	  only	  ~1.01%	  of	  all	  tornadic	  events,	  but	  were	  responsible	  for	  nearly	   42%	   of	   the	   tornado-­‐related	   deaths.	   	   In	   an	   effort	   to	   better	   understand	   these	  phenomena,	   this	   study	   focuses	   on	   the	   environmental	   and	   stormscale	   dynamics	   of	  supercells	   that	   produce	   long-­‐track	   tornadoes.	   	   So,	   the	   question	   arises:	   	   why	   do	   some	  tornadic	  storms	  last	   for	  a	  “normal”	  amount	  of	   time,	  while	  others	  are	  able	  to	  sustain	  their	  rotation	  beyond	  long-­‐track	  thresholds?	  There	   are	  many	   potential	   factors	   that	   influence	   the	   steadiness	   and	   longevity	   of	   a	  storm,	  including	  both	  internal	  storm	  processes	  and	  external	  environmental	  factors.	  	  There	  have	  been	  many	  studies	   that	   investigate	   the	  variations	   in	  environmental	   thermodynamic	  properties	  (Thompson	  et	  al.	  2012,	  Kirkpatrick	  et	  al.	  2011,	  Bunkers	  et	  al.	  2006)	  and	  shear	  profiles	  (Kerr	  and	  Darkow	  1996,	  Markowski	  et	  al.	  2003)	  near	  severe	  storms.	  	  McCaul	  and	  Weisman	   (2000)	   noted	   that	   the	   intensity	   of	   simulated	   supercells	   varied	   with	   the	  stratification	   of	   both	   buoyancy	   and	   shear	   in	   the	   low	   to	  mid	   troposphere.	   	  Wagner	   et	   al.	  (2008)	  found	  that	  there	  are	  marked	  differences	  in	  nearby	  environmental	  CIN	  both	  before	  and	  after	  a	  tornadic	  storm	  occurs.	  It	   is	   widely	   known	   that	   supercells	   which	   remain	   discrete	   have	  more	   ideal	   inflow	  characteristics,	   such	  as	  a	  small	  capping	   inversion,	  and	  high	  CAPE,	  vertical	  shear	  and	  SRH	  values	  –	  and	  are	  often	  longer	  lived.	  	  The	  inflow	  region	  of	  the	  storm	  must	  ideally	  remain	  free	  of	  any	  interference	  from	  other	  nearby	  storms	  and	  their	  associated	  rain-­‐cooled	  air.	   	  When	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organized	  into	  a	  line,	  Rotunno,	  Klemp	  and	  Weisman	  (1988)	  found	  the	  worst	  scenario	  to	  be	  characterized	  by	  deep	   shear	   oriented	  perpendicular	   to	   the	   line,	  making	   it	   “impossible	   to	  establish	  a	  steady	  cell.”	  	  These	  facts	  indicate	  that	  splitting	  and/or	  merging	  of	  cells	  must	  be	  kept	  to	  a	  minimum,	  or	  interaction	  must	  occur	  in	  a	  way	  that	  does	  not	  result	  in	  destructive	  storm	  interference.	  	  While	  environmental	  factors	  play	  a	  role	  in	  determining	  the	  longevity	  of	  a	   storm,	   so	   do	   internal	   storm	  processes.	   	   In	   the	  Weisman	   and	  Rotunno	   (2004)	   study	   on	  squall	   lines,	   they	   identified	  an	  optimal	   interaction	  between	   low-­‐level	  shear	  and	  a	  storm’s	  cold	  pool	  that	  resulted	  in	  a	  balance	  that	  allowed	  for	  long-­‐lived	  storms.	  	  This	  result	  suggests	  that	   there	   exist	   critical	   balances	   between	   internal	   storm	   dynamics	   and	   environmental	  influences	  that	  work	  to	  sustain	  a	  severe	  storm.	  Numerous	   studies	   have	   also	   been	   done	   on	   various	   internal	   storm	   processes	   that	  have	  been	  assumed	  to	  play	  a	  role	  in	  the	  lifetime	  of	  a	  storm.	   	  Among	  them,	  Syrowski	  et	  al.	  (2012)	  identified	  episodic	  downbursts	   in	  the	  forward	  flank	  downdraft	  [FFD]	  contributing	  to	   the	   intensification	   and	   maintenance	   of	   storms’	   mesocyclones.	   	   Additionally,	   pulses	  observed	  within	   the	   rear	   flank	   downdraft	   [RFD]	   and	   its	   accompanying	   gust	   fronts	   have	  been	   linked	   to	   periodic	   intensification	   of	   low-­‐level	   rotation	   (Lee	   et	   al.	   2012,	  Markowski	  2002,	  Kosiba	  et	  al.	  2013,	  Van	  Leer	  et	  al.	  2013).	  	  A	  study	  by	  Weisman	  et	  al.	  (1998)	  found	  that	  supercells	   might	   impact	   and	   critically	   change	   their	   environment	   up	   to	   30km	   away,	  reaffirming	   that	   both	   external	   and	   internal	   factors	   are	   important	   for	   shaping	   storm	  behavior.	  Studies	   have	   been	   conducted	   on	   cases	   of	   long-­‐track	   tornadoes	   (Cintineo	   and	  Stensrud	  2013,	  Romine	  et	  al.	  2008,	  Wakimoto	  et	  al.	  2003,	  Burgess	  et	  al.	  2001,	  Perez	  et	  al.	  1997,	  Davies	  et	  al.	  1994)	  dating	  back	  to	  the	  1950’s	  with	  the	  Kansas-­‐Missouri	  Tornado	  from	  May	  20,	  1957.	  	  The	  Monthly	  Weather	  Review	  from	  June	  1957	  (Williams	  and	  Hanks,	  1957)	  observed	   the	   curious	   lack	   of	   skipping	   along	   the	   71-­‐mile	   tornado	   path,	   indicating	   one	  continuous	  rotation	  center.	  	  	  Also	   noted	   in	   the	   literature	   is	   the	   lack	   of	   tendency	   for	   the	   storm	   to	   follow	   any	  topographic	  features.	  	  Studies	  investigating	  surface	  influences	  on	  storms	  remain	  prominent	  in	   literature	   today	   (Lee	   et	   al.	   2011,	   Lewellen	   et	   al.	   2008,	   Lewellen	   and	   Lewellen	   2007).	  Karstens	  et	  al.	  (2012)	  also	  studied	  long-­‐track	  storms	  with	  respect	  to	  topography,	  using	  tree	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fall	   analysis	   from	   the	   27	   April	   Tuscaloosa-­‐Birmingham	   tornado	   damage	   path	   to	   identify	  internal	  surges	  in	  the	  rear	  flank	  downdrafts	  of	  storms.	  	  	  As	   explained	   by	   Doswell	   and	   Burgess	   (1987),	   it	   has	   been	   well	   documented	   that	  supercells	   may	   produce	   a	   series	   of	   tornadoes,	   sometimes	   in	   quick	   succession.	   	   These	  tornado	  “families”	  may	  be	  caused	  by	  fluctuations	  in	  storm	  intensity	  or	  mesocyclone	  cycling,	  as	   described	   by	   Adlerman	   and	   Droegemeier	   (1999,	   2002,	   2005).	   	   There	   are	   two	   known	  types	  of	  cyclic	  mesocyclogenesis	  (Figure	  1.1):	  occluding	  cyclic	  mesocyclogenesis	  [OCM]	  and	  nonoccluding	  cyclic	  mesocyclogenesis	  [NOCM].	  	  Adlerman	  and	  Droegemeier	  (2005)	  define	  the	  moment	  of	  occlusion	  as	  “the	  time	  when	  a	  near-­‐ground	  mesocyclone	  becomes	  detached	  from	  the	  gust	  front	  and	  downdraft	  air	  wraps	  completely	  around	  it”.	  	  OCM	  requires	  that	  “an	  occlusion	  separates	  two	  distinct	  cycles	  within	  a	  single	  storm”,	  while	  NOCM	  is	  the	  “repeated	  development	  of	  near-­‐ground	  mesocyclones	  that	  do	  not	  go	  through	  an	  occlusion	  process	  as	  part	  of	   their	  weakening	  and	  dissipation	  phases”	  (Adlerman	  and	  Droegemeier	  2005).	  This	  has	  caused	  some	  appropriate	  concern	  to	  be	  raised	  as	  to	  the	  validity	  of	  historical	  records	  of	  long-­‐track	  tornadoes,	  as	  some	  of	   the	  earliest	  documented	  cases	  were	  most	   likely	  tornado	  families.	  	  One	  example	  is	  seen	  in	  the	  case	  of	  the	  infamous	  Tri-­‐State	  tornado	  from	  18	  March	  1925.	  	  A	  paper	  by	  Johns	  et	  al.	  (2013)	  calls	  into	  question	  the	  validity	  of	  the	  219-­‐mile	  tornado	  track.	  	  Reanalysis	  and	  additional	  interviews	  reveal	  unsteady	  features	  at	  the	  beginning	  and	  end	   of	   the	   storm	   track,	   while	   acknowledging	   that	   the	   majority	   of	   the	   damage	   path	  confirmed	  an	   extremely	   long-­‐track	   tornadic	   event.	   	   It	   follows	   logically	   that	   any	   supercell	  that	  was	  able	  to	  produce	  a	  long-­‐track	  tornado	  should	  be	  of	  a	  relatively	  steady,	  non-­‐cycling	  behavior	   (Agee	  et	   al.	   1976).	   	  Despite	   this	  progress,	   a	   full	  understanding	  of	   the	  processes	  behind	  extreme	  storm	  longevity	  remains	  elusive.	  This	   study	   investigates	   both	   internal	   storm	   processes	   and	   environmental	   factors	  necessary	   for	   storm	   longevity	   using	   numerical	   modeling.	   	   While	   field	   campaigns	   and	  observational	  studies	  are	  invaluable	  tools,	  they	  have	  a	  few	  drawbacks.	  	  These	  studies	  often	  have	  relatively	  small	  temporal	  and	  geographical	  windows	  near	  the	  event	  of	   interest.	   	  The	  data	  collected	  may	  be	   incomplete	  due	   to	  storm	   location	  relative	   to	  deployed	   instruments	  and	   is	   limited	   by	   the	   set	   of	   instruments	   available	   to	   the	   research	   team.	   	   Alternatively,	  numerical	  modeling	  studies,	  while	  not	  immediately	  verifiable	  “truth”	  to	  the	  extent	  that	  they	  reproduce	  actual	  events,	  offer	  complete	  and	  extensive	  3-­‐dimensional	  data	  sets	  for	  a	  chosen	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temporal	   window	   of	   interest.	   	   Because	   there	   still	   exist	   many	   unknowns	   in	   tornado	   and	  parent	   storm’s	   inner	  workings,	   the	   ability	   of	  models	   to	   utilize	   various	   physics,	   radiation	  and	   turbulence	   parameterizations	   becomes	   a	   very	   desirable	   trait.	   	   Certain	   types	   of	  simulations	   have	   the	   capability	   of	   improving	   forecasts	   by	   assimilating	   additional	  information,	  such	  as	  radar	  and	  satellite	  data	  (Romine	  et	  al.	  2008).	  Recently	   there	  has	  been	  a	  noticeable	   shift	   in	   the	   convective	  modeling	   community,	  with	  a	   tendency	   to	  edge	  away	   from	  more	   traditional	   free-­‐slip,	   single	   sounding	   initialized	  ideal	  simulations	  (Wicker	  and	  Wilhelmson	  1995,	  Klemp	  et	  al.	  1981,	  Wilhelmson	  and	  Klemp	  1981)	   toward	   complex,	   horizontally	   heterogeneous	   “real”	   case	   study	   simulations.	   	   It	   has	  also	   been	   shown	   that	   initializing	   numerical	   simulations	   with	   the	   complexity	   of	  heterogeneous	   environmental	   observations	   results	   in	  more	   realistic	   storm	   structure	   and	  evolution	  than	  in	  ideal	  studies	  (Stensrud	  and	  Gao	  2009,	  Dawson	  et	  al.	  2011).	  	  This	  may	  be	  due	   in	   part	   to	   the	   remarkable	   differences	   between	   the	   two	   types	   of	   simulations.	   	   Real	  simulations	  include	  many	  things	  that	  ideal	  simulations	  do	  not,	  including	  but	  not	  limited	  to	  horizontally	   variable	   buoyancy	   and	   shear,	   friction,	   topography,	   surface	   fluxes,	   radiation,	  mesoscale	  forcing	  and	  boundary	  layer	  processes.	  	  	  To	   investigate	   the	   environmental	   and	   storm	   scale	   dynamics	   of	   supercells	   that	  produce	   long-­‐track	   tornadoes,	   this	   study	  will	   focus	   on	   the	   central	   Alabama	   storms	   from	  April	   27,	   2011	   –	   part	   of	   the	   2011	   Super	  Outbreak	   –	  which	  will	   be	   discussed	   in	   the	   next	  chapter.	  	  	  Chapter	  3	  will	  discuss	  the	  methodology	  of	  the	  study.	  	  Chapters	  4	  and	  5	  will	  cover	  the	  study	  results,	  and	  the	  summary	  will	  appear	  in	  chapter	  6.	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CHAPER	  1	  FIGURE	  
	  
	  Figure	  1.1.	  Schematic	  of	  the	  approximate	  surface	  patterns	  for	  occluding	  and	  nonoccluding	  cyclic	  mesocyclogenesis.	  Scalloped	  black	  line	  indicates	  the	  surface	  cold-­‐pool	  boundary.	  Red	  indicates	   area	   of	   vorticity	   maxima.	   Light	   blue	   indicates	   updraft	   areas,	   and	   dark	   blue	  indicates	  downdraft	  areas.	  Single	  yellow	  contour	   indicates	   the	  boundary	  of	   the	  rain	  area.	  (Adlerman	  and	  Droegemeier	  2005)	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2.	  	  CASE	  STUDY	  	   	  The	   2011	   Super	   Outbreak	   is	   ranked	   as	   the	   third-­‐deadliest	   tornado	   outbreak	   in	  United	  States	  history.	   	  Taking	  place	  over	   the	   four	  days	   from	  April	  25-­‐28,	  2011,	   it	   caused	  exceptional	   destruction,	   including	   338	   fatalities,	   over	   2400	   injuries	   and	   $4.2	   billion	   in	  damages.	  	  On	  April	  27	  alone,	  199	  tornadoes	  developed	  in	  14	  states	  (Figure	  2.1).	  	  Of	  those,	  11	  were	   rated	  EF4	  and	  4	  were	   rated	  EF5.	   	  The	  average	   tornado	  path	   length	  of	   the	  EF4+	  rated	  tornadoes	  was	  66	  miles	  (Figure	  2.2),	  easily	  rising	  above	  the	  National	  Weather	  Service	  [NWS]	  thresholds	  to	  be	  considered	  long-­‐track	  events	  (NWS	  2011).	  	  For	  this	  reason,	  the	  case	  of	  the	  27	  April	  2011	  tornado	  outbreak	  is	  an	  ideal	  choice	  for	  the	  purposes	  of	  this	  study.	  The	   outbreak	  was	  well	   forecasted	   up	   to	   5	   days	   prior	   to	   the	   27	   April	   event.	   	   The	  Storm	  Prediction	  Center	  upgraded	  the	  Day	  1	  forecast	  outlook	  at	  0610	  UTC	  on	  the	  morning	  of	   27	  April	   to	   a	  high-­‐risk	   area	   for	   severe	   thunderstorms	  across	   the	   Southern	  Mississippi	  Valley	  and	  specifically	  cited	  the	  probability	  of	  “fast-­‐moving	  supercells	  capable	  of	  strong	  to	  violent	   tornadoes”	   and	   “long-­‐track	   supercells	   capable	   of	   intense/damaging	   tornadoes”	  (Figure	  2.3).	  The	  morning	  of	  April	  27,	  an	  upper-­‐level	  system	  moved	  eastward	  from	  the	  Rockies,	  bringing	  with	   it	   ample	   cold	   air	   aloft.	   	   The	  movement	   of	   this	   system	   over	   the	  warm	   and	  moist	  Southeast	  caused	  rapid	  destabilization	  in	  the	  Southern	  Mississippi	  Valley	  in	  the	  early	  morning	  hours	   (Figure	  2.4).	   	   Shortly	  after,	   an	  associated	   tornadic	  quasi-­‐linear	  convective	  system	   (QLCS)	   propagated	   across	   northern	   Mississippi	   and	   Alabama,	   killing	   three	   and	  causing	   wide	   spread	   power	   outages	   across	   the	   area	   (Figure	   2.5).	   	   	   This	   would	   later	  complicate	  and,	  in	  some	  cases,	  completely	  halt	  warning	  dissemination	  later	  that	  afternoon.	  	  	  After	   these	   storms	   moved	   through	   the	   area,	   a	   significant	   low-­‐level	   jet	   advected	  moisture	   back	   into	   the	   lower	   levels	   of	   the	   atmosphere,	   helping	   to	   again	   destabilize	   the	  region.	   	   Sunny	   skies	   and	   a	   remnant	   outflow	   boundary	   added	   to	   the	   perfect	   storm	   of	  ingredients	   leading	   into	   the	  afternoon	  hours.	   	  With	   intense	   low-­‐level	   vertical	  wind	   shear	  and	  forcing	  from	  the	  upper-­‐level	  system,	  the	  afternoon	  was	  primed	  for	  long-­‐lived	  storms.	  	  The	   18	   UTC	   Birmingham/Alabaster,	   Alabama	   upper	   air	   observations	   reveal	   a	   classic	  “loaded	  gun”	  sounding,	  featuring	  extremely	  backed	  winds	  at	  the	  surface,	  dry	  upper	  levels,	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and	  a	  strong	  inversion	  above	  moist	  lower-­‐levels	  (Figure	  2.6).	  	  At	  18	  UTC,	  the	  surface	  low-­‐pressure	  system	  located	  in	  northeastern	  Arkansas	  brought	  strong	  southerly/southeasterly	  flow	  across	   the	  Southern	  Mississippi	  Valley.	   	   SPC	  mesoscale	   surface	  observations	   (Figure	  2.7)	  show	  an	  east-­‐west	  oriented	  CAPE	  gradient	  across	  northern	  Mississippi	  and	  Alabama,	  with	   values	   reaching	   in	   excess	   of	   3000	   J/kg	   in	   the	   southern	  portions	  of	   the	   states.	   	  Dew	  point	   temperatures	   rose	   to	   nearly	   70°F	   across	   those	   southern	   states,	   with	   LCL	   heights	  dropping	  below	  1000m	  in	  central	  Alabama	  and	  500m	  in	  Mississippi.	   	  As	  discussed	   in	   the	  SPC	  outlooks,	  the	  0-­‐1km	  SRH	  was	  exceptionally	  high	  on	  the	  April	  27,	  with	  values	  reaching	  over	   900m2/s2	   at	   the	   Tennessee/Mississippi/Alabama	   border.	   	   A	   very	   strong	   helicity	  gradient	  situated	  itself	  over	  northern	  Alabama,	  oriented	  northeast	  to	  southwest.	  	  Notably,	  this	   gradient	   placement	   closely	   matches	   the	   storm	   paths	   of	   many	   of	   the	   afternoon’s	  devastating	  tornadic	  supercells.	  At	   1:45pm	   local	   time,	   the	   SPC	   issued	   a	   Particularly	   Dangerous	   Situation	   [PDS]	  tornado	   watch	   for	   much	   of	   Alabama,	   northwest	   Georgia,	   southeast	   Mississippi	   and	  southern	   middle	   Tennessee	   (Figure	   2.8),	   citing	   dangers	   including	   “destructive	  tornadoes…large	  hail	   to	  4	   inches	   in	  diameter…thunderstorm	  wind	   gusts	   to	  80	  mph…and	  dangerous	   lightning”	   (SPC	  2011).	   	  Within	   the	  watch	   description,	   the	   SPC	   again	   explicitly	  stated	  the	  possibility	  of	  long-­‐track	  tornadoes.	  After	  the	  issuance	  of	  the	  PDS	  tornado	  watch,	  what	  followed	  was	  and	  event	  that	  will	  forever	  be	  remembered	  by	  the	  meteorological	  community	  as	  “The	  March	  of	  the	  Supercells”	  (Figure	  2.9).	   	  A	  series	  of	   tornadic,	   some	  strongly	   tornadic,	   supercell	   storms	  worked	   their	  way	  across	  northern	  Alabama.	  	  At	  some	  times,	  as	  many	  as	  13	  tornado-­‐warned	  storms	  could	  be	  seen	  on	  the	  KBMX	  radar.	  	  Among	  these	  were	  the	  infamous	  Cordova	  EF4	  and	  Hackleburg	  EF5	   tornadoes.	   	   The	   deadliest	   among	   them	   was	   the	   Tuscaloosa-­‐Birmingham	   tornado	  (Figure	  2.10),	  responsible	  for	  1500	  injuries	  and	  65	  fatalities.	  	  The	  violent	  tornado	  reached	  estimated	   wind	   speeds	   of	   190	   mph	   and	   traveled	   for	   over	   80	   miles.	   	   At	   its	   widest,	   the	  tornado	  measured	  1.5	  miles	  across	  (BMX	  NWS	  2012).	  Over	   the	   course	   of	   the	   day,	   the	   NWS	   in	   Birmingham	   [BMX]	   issued	   49	   tornado	  warnings	  and	  24	  severe	   thunderstorm	  warnings.	   	  At	   least	  1998	  people	  were	   injured	  and	  140	   people	   lost	   their	   lives.	   	   Unfortunately,	   many	   of	   the	   injuries	   and	   deaths	   occurred	   in	  areas	  with	  dense	  mobile	  home	  populations	   (CDC	  2012).	   	  Difficult	  warning	  dissemination	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further	  exacerbated	  the	  problem	  of	  individuals	  reaching	  shelter	  in	  time.	  	  Countless	  homes,	  schools	  and	  businesses	  were	  destroyed	  in	  tornado	  damage	  paths	  that	  totaled	  a	  devastating	  691.02	  miles	  (BMX	  NWS	  2012).	   	  The	  case	  of	  the	  April	  27	  tornado	  outbreak	  makes	  it	  clear	  that	   long-­‐track	   tornadoes	   are	   extremely	   dangerous	   and	   often	   deadly	   phenomena.	   	   The	  mesoscale	   and	   stormscale	   ingredients	   and	   processes	   that	   contribute	   to	   the	   formation	   of	  these	  structures	  is	  the	  object	  of	  this	  study.	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CHAPTER	  2	  FIGURES	  
	  
	  Figure	  2.1.	   	   Storm	  report	   for	  April	  27,	  2011	  as	   recorded	  by	   the	  Storm	  Prediction	  Center.	  	  Red	  dots	  indicate	  tornado	  reports.	  (SPC	  2011)	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Figure	  2.4.	   	  Surface	  analyses	  from	  April	  27,	  2011.	   	  Top	  Left:	  15	  UTC.	   	  Top	  Right:	   	  18	  UTC.	  	  Bottom	   Left:	   	   21	  UTC.	   	   Bottom	  Right:	   	   00	  UTC.	   	   (Hydrometeorological	   Prediction	   Center	  2011)	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Figure	  2.5.	  	  BMX	  radar	  reflectivity	  from	  1040	  UTC	  on	  April	  27,	  2011	  of	  the	  tornadic	  QLCS.	  (BMX	  NWS	  2011).	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Figure	   2.8.	   	   Tornado	  Watch	   #235	   PDS	   Issued	   on	   April	   27,	   2011.	   	   Counties	   affected	   are	  highlighted	  in	  red.	  	  (SPC	  2011)	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3.	  	  METHODOLOGY	  
	  
	  In	   order	   to	   successfully	   model	   both	   the	   internal	   processes	   and	   synoptic	  environment	   of	   a	   tornadic	   storm,	   the	   chosen	   atmospheric	   model	   must	   possess	   the	  capability	  of	  running	  at	  Meso-­‐γ	  scale	  [20	  km	  –	  2	  km]	  and	  the	  Micro-­‐β	  scale	  [200	  m	  –	  20	  m]	  as	   described	   by	   Orlanski	   (1975).	   Currently,	   the	   finer	   details	   of	   the	   internal	   dynamics	   of	  tornadic	   storms	   are	   a	   topic	   of	   extensive	   research.	   	   Thus,	   the	   ability	   to	   test	   different	  parameterizations	   and	   physics	   schemes	   allowed	   by	   numerical	   modeling	   methods	   is	  essential.	   	  For	   these	  reasons,	  we’ve	  chosen	   to	  use	   the	  Weather	  Research	  and	  Forecasting	  [WRF]	  Model,	  version	  3.3.1.	   	  The	  WRF	  Model	  uses	   terrain-­‐following	  hydrostatic	  pressure	  vertical	  coordinates	  (Laprise,	  1992)	  with	  a	  user	  set	  highest	  input	  pressure	  level	  of	  50	  hPa	  (Skamarock,	  Klemp,	  Dudhia,	  Gill,	  Barker,	  Duda,	  Huang,	  Wang	  &	  Powers,	  2008).	   	   It	   allows	  the	  user	  to	  run	  two	  types	  of	  simulations	  –	  idealized	  and	  real.	  	  In	  this	  study	  we	  will	  be	  using	  both,	  as	  each	  has	  unique	  advantages	  that	  assist	  in	  investigating	  our	  research	  questions.	  The	  real	  simulation	  case	  study	  domains	  were	  arranged	  as	  seen	   in	  Figure	  3.1,	  with	  attributes	  as	  seen	  in	  Table	  3.1.	  	  The	  outermost	  domain,	  indicated	  as	  Domain	  1,	  was	  chosen	  to	   cover	   an	   area	   required	   to	   resolve	   the	   larger	   synoptic	   environment	   of	   the	   case,	   as	  described	  in	  the	  Introduction.	  	  The	  grid	  spacing	  and	  temporal	  resolution	  were	  sufficient	  to	  capture	   the	   motion	   and	   dynamics	   on	   that	   scale	   (Wicker	   and	   Wilhelmson	   1995).	   	   This	  outermost	  domain	  used	  time-­‐interpolated	  lateral	  boundary	  tendency	  information	  from	  the	  GFS	  model	  grids,	  described	  below.	  In	   order	   to	   adequately	   model	   and	   capture	   the	   details	   of	   the	   mesoscale	   and	  stormscale	   environments,	   four	   nested	   grids	   were	   used.	   	   Horizontal	   grid	   spacing	   and	  temporal	   refinement	   of	   all	   nested	   domains	   were	   three	   times	   greater	   than	   that	   of	   their	  parent	   domain,	   as	   suggested	   by	   Gill	   and	   Pyle	   (2012).	   	   Additionally,	   the	   nested	   domains	  feedback	   impacted	   the	   parent	   domains’	   solutions	   using	   two-­‐way	   nesting.	   	   Domains	  indicated	  above	  as	  Domains	  2	  and	  3	  were	  used	  to	  investigate	  the	  mesoscale	  features	  of	  the	  system,	  such	  as	  CAPE	  and	  shear	  gradients.	   	  Domains	  4	  and	  5	  were	  used	  to	  investigate	  the	  stormscale	  features	  in	  this	  case.	  	  See	  Bryan	  et	  al.	  2003	  for	  resolution	  considerations	  when	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modeling	   convection.	   	   This	   includes,	   but	   is	   not	   limited	   to,	   internal	   storm	   dynamics,	   cold	  pool	   strength	   and	   vorticity	  maxima	   durations.	   	   The	   innermost	   111-­‐meter	   domain	  was	   a	  discretely	   moving	   nest,	   centered	   on	   the	   longest-­‐track	   storm.	   	   Because	   the	   WRF	   Model	  currently	  only	  allows	  for	  one	  moving	  grid,	  the	  size	  of	  Domain	  4	  had	  to	  be	  sufficiently	  large	  in	  order	  to	  accommodate	  the	  movements	  of	  the	  innermost	  domain.	  	   Real	   simulations	   are	   initialized	   using	   one	   of	   the	   following:	   	   output	   from	   previous	  runs,	  external	  analysis,	  or	  output	  from	  a	  forecast	  model.	  	  Additional	  data,	  such	  as	  radar	  and	  satellite,	  can	  also	  be	  assimilated	  to	  help	  improve	  accuracy	  of	  simulations.	  	  In	  this	  study,	  we	  have	  initialized	  the	  simulation	  using	  input	  from	  the	  Rapid	  Update	  Cycle	  20	  [RUC20]	  native-­‐vertical-­‐coordinate	  data	  obtained	  from	  the	  National	  Centers	  for	  Environmental	  Prediction	  [NCEP].	  	  The	  RUC20	  Model	  has	  a	  horizontal	  grid	  spacing	  of	  20	  km	  and	  contains	  50	  vertical	  levels	   and	   4	   sub-­‐surface	   soil	   layers.	   	   It	   uses	   a	   combination	   of	   both	   isentropic	   and	   sigma	  coordinate	  systems.	   	   	  The	  sigma	  coordinate	  system	  is	  used	  below	  the	  boundary	   layer	  top	  because	  it	  is	  a	  terrain-­‐following	  system.	  	  Above	  the	  boundary	  layer,	  isentropic	  coordinates	  are	  used.	  	  This	  system	  allows	  for	  more	  accurate	  forecasts	  of	  certain	  precipitation	  types,	  and	  more	   accurately	   captures	   surface	   heating,	   boundary	   layer	   mixing,	   and	   surface	   physics	  interactions	   (Allen	   et	   al.	   2002).	   	   Four	   hours	   of	   analysis	   data	   were	   used,	   in	   1-­‐hour	  increments.	   	   Boundary	   conditions	   were	   obtained	   from	   Global	   Forecasting	   System	   [GFS]	  data	  archived	  by	   the	  NOAA	  Operational	  Model	  Distribution	  Archive	   [NOMADS].	   	  The	  GFS	  Model	  has	  a	  1°	  horizontal	  grid	  spacing	  and	  uses	  a	  sigma	  pressure	  hybrid	  coordinate	  system	  with	   64	   unequally	   spaced	   layers	   (EMC	   2003).	   	   Again,	   terrain-­‐following	   sigma	   layers	   are	  used	  near	  the	  ground	  and	  are	  blended	  with	  constant	  pressure	  layers	  near	  the	  middle	  of	  the	  atmosphere.	  	  Constant	  pressure	  layers	  are	  used	  in	  the	  upper	  atmosphere.	  	  	  	  	   The	  1200	  UTC	   initialization	  was	  chosen	   to	   capture	   the	  effects	  of	   the	  mid-­‐morning	  mesoscale	   convective	   system	   [MCS]	   that	   swept	   through	   the	   area.	   	   Capturing	   the	   early	  presence	   of,	   and	   lasting	   effects	   from,	   the	   morning	   MCS	   was	   essential	   for	   correctly	  simulating	  the	  environment	  for	  the	  afternoon	  convective	  activity.	  	  The	  selected	  simulation	  options	  in	  Table	  3.2,	  hereafter	  referred	  to	  as	  the	  “control	  run”,	  were	  found	  to	  produce	  the	  results	  most	   closely	   resembling	   the	   convective	   behavior	   of	   the	   case	   study,	   among	   other	  forecasts	  utilizing	  different	  microphysics,	  boundary	  layer	  and	  surface	  schemes.	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We	   examined	   the	   evolution	   of	   supercell	   rotating	   characteristics	   in	   this	   study.	   	   In	  order	  to	  test	  the	  sensitivity	  of	  surface	  vorticity	  maxima	  to	  changes	  in	  surface	  fluxes,	  three	  additional	   4-­‐domain	   simulations	  were	   run,	   with	   the	   innermost	   nest	   at	   a	   horizontal	   grid	  spacing	   of	   333	   meters.	   	   These	   simulations	   were	   restarted	   after	   a	   time	   at	   which	   two	  previously	  identified	  storms	  that	  exhibited	  long-­‐track	  behavior	  in	  the	  control	  run	  were	  at	  a	  mature,	  discrete	  storm	  stage	  –	  27	  April	  at	  20	  UTC.	   	  Each	  parameterization	  and	  setting	   in	  these	  surface	  physics	  tests	  were	  identical	  to	  the	  control	  run,	  with	  the	  exception	  of	  varying	  surface	  settings	  as	  seen	  in	  Table	  3.3.	  Each	  idealized	  simulation	  is	  initialized	  using	  a	  single	  atmospheric	  sounding,	  creating	  a	   horizontally	   homogenous	   environment	   within	   the	   domain.	   	   The	   absence	   of	   horizontal	  variability	  allows	  this	  type	  of	  simulation	  to	  isolate	  the	  role	  of	  the	  immediate	  environment’s	  instability	   and	   shear,	   reflected	   in	   parameters	   such	   as	   helicity,	   buoyancy,	   and	   hodograph	  shape.	   	   In	   this	   study,	  we	   initialized	   idealized	  simulations	  with	  both	  real-­‐world	  soundings	  taken	  on	  the	  day	  of	  interest	  as	  well	  as	  simulated	  soundings	  from	  real	  simulations.	  	  	  Because	  we	  did	  not	  parameterize	  friction,	  surface	  sensible	  heat,	  or	  latent	  heat	  fluxes,	  we	  were	  able	  to	  remove	  a	  background	  constant	  wind	  from	  each	  vertical	  level	  in	  the	  simulations	  in	  order	  to	   optimize	   storm	   motion	   within	   the	   domain.	   	   This	   is	   equivalent	   to	   moving	   the	   model	  domain	  to	  follow	  the	  storm.	  	  Selected	  settings	  of	  the	  idealized	  simulations	  are	  described	  in	  Table	  3.4.	  Output	   from	   both	   simulation	   types	   has	   been	   evaluated	   both	   qualitatively	   and	  quantitatively,	   using	   simple	   statistical	   and	   3D	   analysis.	   	   Native	  WRF	  NetCDF	   history	   file	  data	   was	   plotted	   with	   the	   Read/Interpolate/Plot	   [RIP]	   program	   from	   NCAR	   (Stoelinga,	  2006).	  	  Data	  was	  interpolated	  to	  fixed	  altitudes	  above	  ground	  level	  at	  100-­‐meter	  intervals	  and	  saved	  into	  secondary	  data	  files.	   	  These	  files	  were	  then	  read	  into	  an	  analysis	  program	  that	   saved	   metrics	   for	   each	   saved	   history	   time	   over	   the	   whole	   domain.	   	   	   Additionally,	  surface	   vorticity	  maxima	  were	   identified,	   tracked	   and	   analyzed	   to	   identify	   discrete	   track	  paths.	  	  Those	  storms	  with	  vorticity	  maxima	  durations	  that	  exceeded	  long-­‐track	  thresholds	  were	  then	  examined	  for	  their	  inflow	  characteristics,	  such	  as	  CAPE	  and	  SRH.	  	  Along	  the	  path	  of	   these	   long-­‐tracked	  vorticity	  maxima,	   simulated	  soundings	  were	  calculated	  10km	  away	  from	  the	  mesocyclone,	  from	  variable	  locations	  within	  the	  inflow,	  as	  seen	  in	  Figure	  3.2.	  	  For	  the	  duration	  of	  this	  paper,	  these	  soundings	  will	  be	  referred	  to	  as	  “inflow	  soundings”.	  	  Other	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analysis	  variables	  and	  tracked	  vorticity	  maxima	  inflow	  variables	  can	  be	  found	  in	  Tables	  3.5	  and	  3.6,	  respectively.	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CHAPTER	  3	  TABLES	  AND	  FIGURES	  	  	  Figure	  3.1.	  WRF	  domain	  layout	  with	  respective	  horizontal	  resolutions	  indicated.	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Figure	  3.2.	  Inflow	  soundings	  (indicated	  by	  blue	  iS)	  are	  calculated	  at	  various	  angles	  ~10km	  away	  from	  diagnosed	  mesocyclone	  (indicated	  by	  purple	  M)	  within	  inflow	  region	  of	  storm.	  	  Radar	  image	  courtesy	  of	  ustornadoes.com.	  	  	  
	  	  	  	  Table	  3.1.	  Case	  study	  simulation	  domain	  attributes,	  with	  the	  outermost	  domain	  listed	  as	  Domain	  1	  and	  innermost	  domain	  listed	  as	  Domain	  5.	  	  
Domain	  
ID	  







Geographical	  Area	  1	   No	   9	  km	   30	  s	   9	  min	   4.2	  million	  km2	  2	   Yes	   3	  km	   10	  s	   3	  min	   1.9	  million	  km2	  3	   Yes	   1	  km	   3.333	  s	   3	  min	   386,000	  km2	  4	   Yes	   333	  m	   1.111	  s	   30	  sec	   133,000	  km2	  5	   Yes	   111	  m	   0.37	  s	   10	  sec	   9990	  km2	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Table	  3.2.	  Control	  case	  study	  simulation	  settings.	  	  Top:	  	  Domain	  options.	  	  Center:	  	  Physics	  options.	  	  Bottom:	  	  Damping	  options.	  	  
Domain	  Option	   Treatment	  5	  [nested]	  domains	   9km,	  [3km],	  [1km],	  [333m],	  [111m]	  Vertical	  levels	   60	  Parent-­‐to-­‐nest	  grid	  size	  ratio	   1:3	  Parent-­‐to-­‐nest	  time	  step	  ratio	   1:3	  Smoothing	  option	   No	  smoothing	  	  
Physics	  Option	   Treatment	  Microphysics	  scheme	   Thompson	  (Thompson,	  Field,	  Rasmussen	  &	  Hall,	  2008)	  Longwave	  radiation	   RRTMG	  longwave	  (Mlawer	  et	  al,	  1997)	  Shortwave	  radiation	   RRTMG	  shortwave	  (Mlawer	  et	  al,	  1997)	  Radiation	  physics	  call	  time	   30	  minutes	  Surface	  layer	  scheme	   MYNN	  Monin-­‐Obukhov	  similarity	  theory	  Land-­‐surface	  scheme	   Noah	  Land	  Surface	  Model	  (Chen	  &	  Dudhia,	  2001)	  Boundary-­‐layer	  scheme	   MYNN	  	  (Nakanishi	  &	  Nino,	  2006)	  Cumulus	  physics	   Kain-­‐Fritsch	  Cumulus	  physics	  call	  time	   5	  minutes	  	  
Damping	  Option	   Treatment	  Vertical	  velocity	  damping	   None	  Eddy	  coefficient	  option	   Smagorinsky	  first	  order	  closure	  Turbulence/mixing	  option	   2nd	  order	  diffusion	  Upper	  level	  damping	   None	  Moisture	  advection	   Positive-­‐definite	  advection	  Scalar	  advection	   Positive-­‐definite	  advection	  	  	  Table	  3.3.	  Description	  of	  altered	  surface	  parameterizations	  in	  case	  study	  simulations.	  	  
Simulation	  Name	   Longwave	  
Radiation	   Surface	  Moisture	  Fluxes	   Friction	  Control	   On	   On	   On	  Frictionless	   On	   On	   Off	  Nosfflx	   On	   Off	   On	  Noradflx	   Off	  	   Off	   On	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Table	   3.4.	   Ideal	   18	   UTC	   KBMX	   simulation	   settings.	   	   Top:	   	   General	   settings.	   	   Center:	  	  Microphysics	  and	  dynamics	  options.	  	  Bottom:	  	  Advection	  options.	  	  
General	  Option	   Description	  Single	  domain	  size	   1250	  x	  1250	  Horizontal	  grid	  spacing	   200m	  Vertical	  grid	   90	  vertical	  levels	  Run	  duration	   7	  hours	  	  
Model	  Parameterizations	   Treatment	  Microphysics	   Morrison	  with	  Hail1	  (Morrison	  et	  al.	  2008)	  Time	  integration	  scheme	   Runge-­‐Kutta	  3rd	  order	  Turbulence/mixing	  option	   2nd	  order	  horizontal	  diffusion	  Eddy	  coefficient	  option	   Smagorinsky	  first	  order	  closure	  6th-­‐order	  numerical	  diffusion	   On	  6th-­‐order	  numerical	  diffusion	  rate	   0.10	  Upper	  level	  damping	   None	  	  
Advection	  Option	   Treatment	  Horizontal	  momentum	   5th	  order	  Vertical	  momentum	   3rd	  order	  Horizontal	  scalar	   5th	  order	  Vertical	  scalar	   3rd	  order	  Moisture	  advection	   Positive-­‐definite	  Scalar	  advection	   Positive-­‐definite	  	  	   	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  The	  Morrison	  2-­‐Moment	  microphysics	  scheme	  includes	  six	  species	  of	  water:	  vapor,	  cloud	  droplets,	  cloud	  ice,	  rain,	  snow,	  and	  graupel/hail.	  	  Built	  in	  is	  a	  switch	  for	  the	  user	  to	  include	  either	  graupel	  or	  hail	  as	  the	  precipitating	  ice	  type.	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Description	  VortMax	   s-­‐1	   Maximum	  surface	  vertical	  vorticity	  VortMin	   s-­‐1	   Minimum	  surface	  vertical	  vorticity	  T05	   min	   Time	  an	  individual	  surface	  vertical	  rotation	  center	  >	  0.005	  s-­‐1	  T20	   min	   Time	  an	  individual	  surface	  vertical	  rotation	  center	  >	  0.02	  s-­‐1	  T50	   min	   Time	  an	  individual	  surface	  vertical	  rotation	  center	  >	  0.05	  s-­‐1	  Wmax	   ms-­‐1	   Maximum	  vertical	  velocity	  Wmin	   ms-­‐1	   Minimum	  vertical	  velocity	  Amax	   pts	   #	  grid	  points	  with	  maximum	  column	  vertical	  velocity	  >=	  10	  ms-­‐1	  Amin	   pts	  	   #	  grid	  points	  with	  maximum	  column	  vertical	  velocity	  >=	  -­‐2	  ms-­‐1	  SfcWnd	   ms-­‐1	   Maximum	  surface	  wind	  speed	  –	  perturbation	  from	  base	  state	  WndUpa	   ms-­‐1	   Maximum	  wind	  perturbation	  at/above	  2	  km	  AGL	  Area0	   pts	   #	  grid	  points	  with	  surface	  wind	  perturbation	  >	  20	  ms-­‐1	  Area3	   pts	   #	  grid	  points	  with	  wind	  perturbation	  at	  3	  km	  AGL	  >	  15	  ms-­‐1	  WindGR	   ms-­‐1	   Maximum	  ground-­‐relative	  surface	  wind	  Pmin	   mb	   Minimum	  surface	  pressure	  perturbation	  Pmax	   mb	   Maximum	  surface	  pressure	  perturbation	  CPavg	   °C	   Average	  surface	  temperature	  perturbation	  in	  diagnosed	  cold	  pool	  CPmin	   °C	   Minimum	  surface	  temperature	  perturbation	  in	  diagnosed	  cold	  pool	  CP05%	   °C	   5%	  level	  surface	  temperature	  perturbation	  in	  diagnosed	  cold	  pool	  Rn02	   pts	   #	  grid	  points	  with	  surface	  rain	  total	  >	  0.2	  in	  Rn25	   pts	  	   #	  grid	  points	  with	  surface	  rain	  total	  >	  1	  in	  Qpr02	   pts	   #	  grid	  points	  with	  surface	  rain	  mixing	  ratio	  >	  0.2	  gkg-­‐1	  Qpr20	   pts	   #	  grid	  points	  with	  surface	  rain	  mixing	  ration	  >	  2.0	  gkg-­‐1	  RHmin	   %	   Minimum	  surface	  relative	  humidity	  RHar	   pts	   #	  grid	  points	  with	  surface	  RH	  <=	  25%	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Description (at x,y location of sfc vorticity max) 
VortSfc s-1 Surface vorticity 
VrtDepth m  Vorticity maximum depth >= 0.02 s-1 
Usfc ms-1 U wind component at vort max location 
Vsfc ms-1 V wind component at vort max location 
Wind2km ms-1 Maximum wind speed within 2 km  
VortH2km s-1 Horizontal vorticity within 2 km 
Wlow ms-1 Lowest-level vertical velocity 
Wmin ms-1 Minimum vertical velocity for all heights 
Wmax ms-1 Maximum vertical velocity for all heights 
P mb  Surface pressure perturbation 
Convg s-1 Surface convergence 
RHsfc % Relative humidity at the surface 
Tsfc °C Surface temperature 
Tgrad °Ckm-1 Surface temperature gradient 
Qhail gkg-1 Surface hail mixing ratio 
Qra gkg-1 Surface rain mixing ratio 
Eth_2km_max K Max θe  within 2 km  
Eth_2km_min K Min θe   within 2 km  
Eth_4km_max K Max θe  within 4 km  
Eth_4km_min K Min  θe  within 4 km  
Vth_2km_max K Max θv within 2 km  
Vth_2km_min K Min θv within 2 km  
Vth_4km_max K Max θv within 4 km  
Vth_4km_min K Min θv within 4 km  	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4.	  	  RESULTS	  I:	  	  MODEL	  FIDELITY	  
	  
	  
Control	  Real	  Simulation	  Synoptic	  Overview	  The	   control	   simulation	   exhibits	   a	   convective	   progression	   very	   similar	   to	   the	   case	  study	   event	   discussed	   in	   chapter	   2,	   although	   obvious	   differences	   exist	   in	   some	   of	   the	  thermodynamic	   and	   kinematic	   fields.	   	   We	   will	   compare	   results	   from	   the	   333-­‐meter	  horizontal	   resolution	   domain	  with	   the	   analyzed	   fields	   from	   the	   Storm	  Prediction	  Center.	  	  This	  analysis	  will	  examine	  key	  parameters	   from	  15	  UTC	  and	  18	  UTC,	  representing	   the	  3-­‐hour	   and	   6-­‐hour	   simulated	   forecasts	   respectively.	   	   After	   these	   times,	   convective	   activity	  drastically	   changed	   the	   environment.	   	   Thus,	   the	   analyses	   for	   times	   after	   convective	  initiation	  in	  the	  domain	  will	  be	  discussed	  in	  later	  sections.	  
15	  UTC	  vs.	  3	  Hour	  Forecast:	  	  Post	  morning	  linear	  convective	  events	  
	   By	   15	   UTC,	   the	   morning’s	   tornadic	   QLCS	   had	   propagated	   out	   of	   the	   Southern	  Mississippi	  Valley.	   	  Analysis	  of	  environmental	  factors	  was	  performed	  at	  this	  time	  in	  order	  to	   assess	   how	   accurately	   the	   model	   simulated	   the	   post-­‐linear,	   pre-­‐supercellular	  environment.	  MSLP/SURFACE	  WINDS:	   	   The	   2011	   Super	  Outbreak,	   as	   discussed	   previously,	  was	  forced	  by	  a	  moderately	  strong	  low	  pressure	  system	  moving	  northeast	  through	  the	  southern	  Mississippi	   River	   Valley.	   	   The	   control	   simulation	   captured	   the	   strength	   of	   the	   low	   very	  accurately,	   although	  surface	  winds	  vary	  considerably	   from	  the	  observed	  data.	   	   Simulated	  winds	   are	   roughly	   20	   knots	   faster	   than	   those	   observed,	   and	   blow	   from	   due	   south.	   	   The	  observed	  winds	   reveal	   some	   boundaries	   left	   behind	   by	   the	  morning	   convection,	   and	   are	  substantially	   backed	   at	   the	   surface	   (Figure	   4.1).	   	   Any	   of	   these	   remnant	   boundaries	   are	  absent	  in	  the	  control	  simulation.	  2M	   TEMPERATURE/DEWPOINT:	   	   Temperature	   values,	   contour	   placement	   and	  orientation	  of	  gradients	  are	  very	  similar	  between	  the	  two	  data	  sets	  (Figure	  4.2).	  	  However,	  dew	  point	  temperatures	  are	  several	  degrees	  Fahrenheit	  too	  low	  across	  central	  Alabama.	  	  	   CAPE/CIN:	  These	  fields	  differ	  the	  most	  between	  the	  two	  data	  sets.	  	  As	  seen	  in	  Figure	  4.3,	  the	  simulation	  produces	  artificially	  low	  CAPE	  in	  eastern	  Alabama,	  and	  inappropriately	  high	  values	  across	  much	  of	  Mississippi.	  	  It	  is	  also	  notable	  that	  the	  present	  CAPE	  gradient	  is	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simulated	  with	  a	  north-­‐south	  orientation,	  rather	  than	  the	  observed	  west-­‐east	  orientation.	  	  Simulated	  CIN	  values	  mostly	   accurate,	  with	   some	  unrealistically	  high	  values	   found	   far	   to	  the	  south.	  	   LCL	   HEIGHT:	   	   Due	   to	   model	   spin-­‐up,	   the	   morning	   mesoscale	   convective	   system	  [MCS]	  occurred	  later	  than	  verified	  observations	  from	  the	  April	  27	  event.	   	  Because	  of	  this,	  some	   of	   the	   thermodynamic	   variables,	   such	   as	   LCL	   heights,	   look	   substantially	   different	  from	   the	  analysis	   fields.	   	   In	  much	  of	  northern	  Alabama,	  LCLs	   remain	  1000m	  higher	   than	  those	   observed	   (Figure	   4.4).	   	   Simulated	   areas	   not	   affected	   by	   morning	   convection	   have	  appropriate	  values,	  from	  ~750-­‐1250	  meters.	  	   0-­‐1	   KM	   SRH:	   	   It	   is	   clear	   that	   the	   observed	   values	   in	   the	   case	   of	   the	   2011	   Super	  Outbreak	   were	   extraordinarily	   high,	   with	   values	   in	   excess	   of	   800-­‐900	   m2/s2.	   	   Running	  storm	  statistics	  from	  SPC	  (2012)	  show	  that	  the	  significant	  tornadic	  events	  in	  the	  Southern	  Mississippi	   Valley	   area	   have	   average	   effective	   helicity	   values	   between	   340-­‐580	   m2/s2.	  Disregarding	   the	   northern	   area	   affected	   by	   the	   MCS,	   the	   simulated	   area	   of	   outstanding	  helicity	  values	  is	  smaller,	  although	  in	  a	  relatively	  correct	  location.	  	  Simulated	  values	  fall	  in	  the	   upper	   range	   given	   by	   the	   SPC	   for	   violent	   events,	   reaching	   600	   m2/s2	   in	   Northern	  Alabama	  (Figure	  4.5).	  	   LFC	   HEIGHT:	   	  While	   values	   look	   reasonably	   accurate,	  most	   are	   simulated	   too	   far	  eastward.	  	  High	  simulated	  values,	  greater	  than	  4000m,	  are	  displaced	  to	  the	  southeast,	  as	  is	  the	  north-­‐south	  oriented	  height	  gradient	  (Figure	  4.6).	  
18	  UTC	  vs.	  6	  Hour	  Forecast:	  	  Shortly	  before	  discrete	  convective	  storm	  initiation	  
	   Convective	  initiation	  of	  the	  afternoon’s	  discrete	  tornadic	  storms	  began	  between	  18	  UTC	  and	  19	  UTC	  in	  central	  and	  eastern	  Mississippi.	   	  Model	  convective	  initiation	  displayed	  different	   characteristics	   than	   that	   of	   the	   case	   study.	   	   Simulated	   convection	   began	   in	  western	   Mississippi	   earlier	   than	   observed	   initiation,	   not	   shown	   as	   it	   lies	   outside	   of	   the	  currently	   discussed	   analysis	   domain.	   	   Control	   simulation	   storms	   exhibited	   linear	   storm	  attributes	  before	  becoming	  discretely	   supercellular	   as	   they	  entered	   central	   and	  northern	  Alabama.	  	  Analysis	  of	  environmental	  factors	  was	  performed	  at	  this	  time	  in	  order	  to	  assess	  how	   accurately	   the	   model	   simulated	   convective	   initiation	   environment,	   although	   timing	  and	  placement	  of	  initiation	  varied	  from	  the	  observations.	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MSLP/SURFACE	   WINDS:	   	   The	   simulated	   low-­‐pressure	   system	   has	   progressed	  further	   eastward	   than	   the	   case	   study,	   although	   the	   pressure	   gradient	   is	   very	   similar.	  	  Simulated	  winds	  are	  still	  10	  knots	  faster,	  although	  the	  control	  and	  observed	  winds	  are	  now	  both	  southerly	  (Figure	  4.7).	  2M	  TEMPERATURE/DEWPOINT:	   	  Again,	   the	   simulation	  produces	   accurate	   surface	  temperatures	   and	   gradients,	   although	   the	   bull’s-­‐eye	   of	   4-­‐8°F	   cooler	   dew	   point	   has	   now	  shifted	   eastward	   into	   eastern	  Alabama.	   	  The	  dew	  point	   gradient	   again	   is	   oriented	  north-­‐south	   rather	   than	   the	   verified	   west-­‐east,	   although	   values	   look	   roughly	   similar	   to	   those	  observed	  (Figure	  4.8).	  	   CAPE/CIN:	  	  The	  low	  CAPE	  area	  present	  in	  the	  simulation	  at	  15Z	  has	  shifted	  further	  east	  over	  the	  AL/GA	  border.	  	  Although	  the	  simulated	  CAPE	  gradient	  is	  still	  oriented	  north-­‐south	  instead	  of	  west-­‐east,	  it	  includes	  roughly	  correct	  values,	  up	  to	  3000	  J/kg.	  	  Also	  notable	  in	  the	  control	  run	  is	  the	  distinct	  lack	  of	  CIN	  from	  northern	  MS/AL	  (Figure	  4.9).	  	   LCL	   HEIGHT:	   	   By	   this	   time,	   observed	   and	   simulated	   fields	   closely	   resemble	   each	  other.	   	   However,	   simulated	   heights	   are	   still	   approximately	   250-­‐500m	   higher	   than	   those	  observed	  (Figure	  4.10).	   	  	   0-­‐1	  KM	  SRH:	  The	  control	  simulation	  does	  a	  remarkable	  job	  in	  correctly	  placing	  the	  helicity	  gradient	  in	  the	  same	  location	  as	  the	  case	  study.	  	  Additionally,	  it	  is	  notable	  that	  the	  higher	   SRH	  values	   seem	   to	   be	   relatively	   localized	   ahead	  of	   the	   simulated	   storms	   (Figure	  4.11).	   	   Simulated	   SRH	   values	   are	   400	  m2/s2	   lower	   than	   observations	   over	   the	   northern	  Mississippi/Alabama	  border.	  
	   LFC	  HEIGHT:	   	  By	  18	  UTC,	  the	  model	   is	  more	  accurately	  representing	  the	  observed	  environment,	  although	  simulated	  values	  are	  artificially	  low	  in	  northern	  MS/AL	  and	  central	  Tennessee.	   	   LFCs	   in	   most	   of	   the	   area	   of	   interest	   fall	   between	   500-­‐1000	   meters	   (Figure	  4.12).	  	   While	   there	  are	   some	  key	  differences	  between	   the	  observed	  environment	  and	   the	  control	   simulation,	   mostly	   seen	   in	   gradient	   placement,	   the	   convective	   evolution	   of	   the	  simulation	  is	  very	  similar	  to	  that	  of	  the	  actual	  event,	  as	  discussed	  in	  this	  next	  section.	  
Convective	  Progression	  	   Despite	  the	  aforementioned	  errors	  in	  the	  control	  simulation	  forecasts,	  the	  run	  does	  quite	  well	   in	   exhibiting	   the	   correct	   progression	   of	   convective	   events.	   	   By	   15	   UTC	   in	   the	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control	   simulation,	   the	   secondary	  MCS	  has	  moved	   through	   the	  northernmost	  portions	  of	  MS/AL	   into	   TN,	   slightly	   ahead	   of	   the	   second	   observed	  MCS	   (Figure	   4.13).	   	   Discrete	   cell	  genesis	   began	  between	  18	   and	  19	  UTC	   across	  most	   of	   eastern	  Mississippi.	   	   In	   the	   333m	  simulation,	  genesis	  timing	  was	  early	  and	  displaced	  to	  the	  west,	  and	  the	  resulting	  evolution	  varied	   slightly	   from	   the	   observations.	   	   Three	   simulated	   quasi-­‐linear	   storms	   formed	   over	  Mississippi	  (Figure	  4.14),	  with	  the	  southernmost	  two	  becoming	  increasingly	  supercellular	  with	  time.	  	  Around	  19	  UTC,	  or	  the	  simulation’s	  7th	  forecast	  hour,	  distinct	  hook	  echoes	  began	  to	   form	   on	   the	   southern	   two	   cells.	   	   This	   coincides	  with	  what	   is	   referred	   to	   as	   the	   2011	  Super	  Outbreak	  “March	  of	  the	  Supercells”	  (Figure	  4.15),	  which	  describes	  approximately	  13	  tornadic	  warned	  storms	  tracking	  through	  central/northern	  Mississippi	  and	  Alabama.	  The	  simulation	  does	  not	  have	  as	  many	  discrete	  rotating	  supercells,	  with	  many	  of	  the	  convective	  storms	   in	   the	  embedded	  areal	   regime	   (Bluestein	  and	   Jain	  1985),	  but	   the	  aforementioned	  supercellular	  storms	  have	  prominent	  hooks	  by	  this	  time.	  	  The	  hook	  echo	  from	  the	  southern	  simulated	  storm	  has	  surface	  winds	  of	  27	  m/s	  and	  a	  vertical	  vorticity	  value	  of	  0.015s-­‐1	  at	  the	  surface	   and	  0.025s-­‐1	   at	   1	   km	  AGL.	   	   This	   particular	   simulated	   storm	   in	   the	  333m	  domain	  easily	  exceeds	  mesocyclone	  vertical	  vorticity	  thresholds	  at	  very	  low	  levels.	  	  The	  simulation	  also	  accurately	  captured	  the	  southerly	  inflow	  streamers	  feeding	  into	  the	  supercell	  region,	  as	   seen	   on	   archived	   satellite	   imagery	   (Figure	   4.16).	   	   The	  March	   of	   the	   Supercells	   lasted	  until	  around	  01	  UTC	  on	  28	  April,	  while	  simulated	  storms	  began	  to	  weaken	  shortly	  after	  23	  UTC,	  the	  11th	  forecast	  hour.	  	  After	  the	  main	  tornadic	  event,	  a	  linear	  MCS	  passed	  through	  the	  states	  after	  02	  UTC	  28	  April,	  which	  was	  accurately	  captured	  by	  the	  simulations.	  
Verification	  of	  Long-­‐Track	  Event	  
	   After	  successfully	  simulating	  storms	  that	  exhibit	  supercellular	  behavior,	  a	  script	  was	  then	   used	   to	   track	   surface	   vertical	   vorticity	   maxima	   of	   mesocyclone	   strength	   (vertical	  vorticity	  ≥	  .01	  s-­‐1)	  or	  stronger.	  	  A	  3-­‐minute	  time	  history	  interval	  was	  used	  in	  this	  analysis.	  	  Among	   the	   strongest	   10	   identified	   rotation	   centers,	   all	   nearly	   met	   or	   exceeded	   tornado	  vortex	  signature	  [TVS]	  thresholds	  (vertical	  vorticity	  ≥	  0.1	  s-­‐1).	  	  Three	  of	  the	  top	  ten	  vorticity	  maxima	  merged	  into	  stronger	  vortices,	  and	  three	  of	  the	  remaining	  seven	  had	  lifetimes	  that	  exceeded	  50	  minutes.	  	  The	  longest-­‐tracked	  storm,	  shown	  above	  in	  the	  right	  panel	  of	  Figure	  4.16,	  had	  a	  93-­‐minute	  rotation	  center	  duration,	  and	  reached	  maximum	  vorticity	  strength	  of	  .098s-­‐1.	  	  The	  left	  panel	  in	  Figure	  4.17	  is	  the	  maximum	  diagnosed	  vertical	  vorticity	  value	  for	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each	  grid	   cell	   throughout	   the	  entire	   control	   simulation.	   	  Warmer	  colors	   represent	  higher	  vertical	   vorticity	   values,	   and	   cooler	   colors	   represent	   lower	   values.	   	   The	   irregular	   and	  spotted	   appearance	   is	   due	   to	   the	   temporal	   resolution	   of	   the	   data	   used	   to	   identify	   and	  connect	   diagnosed	   vorticity	   maxima.	   	   The	   black	   box	   indicates	   the	   track	   taken	   by	   the	  strongest	   rotation	   center	  noted	  above.	   	  The	   center	  panel	   is	   a	   snapshot	  of	   simulated	  2km	  reflectivity	   at	   2000	   UTC.	   	   Note	   the	   rotation	   center	   track	   extending	   approximately	   70km	  ahead	  and	  behind	  the	  highlighted	  storm.	  	  The	  right	  panel	  shows	  the	  rotation	  center	  tracks	  diagnosed	   from	   the	   vorticity	   analysis.	   	   Color	   shading	   and	   line	  width	   are	   proportional	   to	  surface	  vertical	  vorticity	  magnitude.	  It	   is	   noteworthy	   that	   preliminary	   examination	  of	   a	   nest	  with	   finer	  horizontal	   grid	  spacing	   of	   111	   meters	   reveals	   that	   surface	   vorticity	   values	   from	   this	   long-­‐track	   storm	  reached	  over	  0.3	  s-­‐1.	  	  This	  indicates	  that	  the	  333	  meter	  horizontal	  grid	  spacing	  used	  in	  this	  analysis	  is	  likely	  insufficient	  to	  resolve	  the	  storm.	  
Simulated	  Birmingham	  sounding	  vs.	  KBMX	  	   Simulated	  model	   soundings	  were	   calculated	  at	   the	   same	   latitude	  and	   longitude	  as	  the	   Birmingham/Alabaster,	   Alabama	   [KBMX]	   sounding	   site	   (Figure	   4.18).	   	   While	   the	  thermodynamic	  profiles	  looks	  roughly	  similar,	  there	  existed	  some	  key	  differences	  between	  them.	   	  As	  seen	   in	   the	  previous	  2D	  plots,	   the	  control	  sounding	  surface	  winds	  are	  stronger	  than	  those	  observed,	  although	  significantly	  less	  backed	  –	  approximately	  a	  45°	  difference	  in	  wind	  direction.	  	  The	  control	  simulation	  is	  also	  much	  drier	  aloft,	  as	  well	  as	  saturated	  at	  low	  levels.	  	  The	  simulated	  CAPE	  is	  only	  half	  of	  that	  observed,	  and	  its	  inversion,	  though	  near	  the	  correct	  altitude,	  is	  also	  less	  sharply	  defined.	  	  	  	  
Convective	  Progression	  	   While	  the	  case	  study	  and	  control	  simulation	  displays	  rather	  long-­‐track	  behavior,	  and	  ideal	   simulation	   initialized	   with	   the	   18	   UTC	   KBMX	   sounding	   exhibits	   more	   cyclic	  morphology,	   using	   the	   terminology	   of	   Adlerman	   and	  Droegemeier	   (2002).	   	   After	   just	   45	  minutes,	   the	   storm	  has	   split	   and	   become	   a	   right-­‐mover,	   reaching	   supercellular	   structure	  nearly	  twice	  as	  fast	  as	  storms	  in	  the	  control	  case	  study	  simulation.	  	  Shortly	  after	  the	  1-­‐hour	  mark,	   the	   storm	   begins	   to	   exhibit	   non-­‐occluding	   cyclic	   mesocyclogenesis	   [NOCM].	   	   The	  storm	   cycles	   6	   times	   before	   the	   end	   of	   the	   7-­‐hour	   simulation,	  with	   the	   cycles	   becoming	  longer	   as	   time	  progresses.	   	   The	   average	   cycle	   time	   ranges	   from	  30	  minutes	   to	  nearly	   an	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hour.	  	  Figure	  4.19	  shows	  an	  example	  of	  one	  NOCM	  cycle.	  	  The	  storm	  begins	  with	  an	  initial	  strong	  mesocyclone	   located	   in	   the	  notch	  region	  between	  the	  RFD	  and	  FFD.	   	  As	   the	  storm	  evolves,	   the	   mesocyclone	   begins	   to	   move	   down	   the	   RFD	   and	   dissipate.	   	   Meanwhile,	   a	  secondary	   mesocyclone	   begins	   to	   form	   further	   up	   in	   the	   storm.	   	   Finally,	   the	   initial	  mesocyclone	  has	  complete	  dissipated	  as	  the	  secondary	  mesocyclone	  takes	  the	  place	  of	  the	  first.	  	  This	  NOCM	  behavior	  is	  exhibited	  throughout	  the	  entire	  ideal	  simulation.	  
Overview	  of	  ideal	  KBMX	  simulation	  analysis	  output	  	  After	  the	  resulting	  simulation	  of	  a	  cyclic	  supercell,	  the	  same	  analysis	  script	  was	  then	  used	  to	  track	  surface	  vertical	  vorticity	  maxima	  or	  mesocyclone	  strength	  	  (vertical	  vorticity	  ≥	   .01	   s-­‐1)	   or	   stronger.	   	   Again,	   a	   3-­‐minute	   time	  history	   interval	  was	   used	   in	   this	   analysis.	  	  Among	  the	  strongest	  10	  identified	  rotation	  centers,	  four	  merged	  into	  stronger	  vortices.	  	  Of	  the	   remaining	   six	   centers,	   five	   had	   lifetimes	   that	   exceeded	   30	  minutes,	   although	   few	   of	  these	   centers	  had	   lifetimes	   significantly	  extending	  past	   the	  half	  hour	  mark.	   	  The	   longest-­‐tracked	   rotation	   center,	   shown	   in	   Figure	   4.20,	   had	   a	   60-­‐minute	   duration,	   and	   reached	  maximum	   vorticity	   strength	   of	   0.096	   s-­‐1.	   	   As	   before,	   the	   left	   panel	   is	   the	   maximum	  diagnosed	   vertical	   vorticity	   valued	   for	   each	   grid	   cell	   throughout	   the	   entire	   simulations.	  	  Warmer	  colors	  represent	  higher	  vertical	  vorticity	  values.	  	  The	  black	  box	  indicates	  the	  track	  taken	   by	   the	   strongest	   rotation	   center.	   	   Note	   the	   periodic	   turning	   of	   the	   strong	   rotation	  centers.	   	  This	  behavior	   is	  a	   result	  of	   remnant	   rotation	   from	  “old”	  mesocyclones	   traveling	  down	  the	  RFD	  after	  storm	  cycles.	  Strong	  southward	  component	  of	  the	  storm	  motion	  is	  due	  to	  a	  combination	  of	  the	  simulated	  storm	  being	  a	  right-­‐moving	  cell	  from	  an	  initial	  storm	  split	  and	   the	   constant	   background	  wind	   being	   removed	   to	   keep	   the	   storm	  motion	  within	   the	  domain.	   	   The	   center	  panel	   is	   a	   snapshot	   of	   simulated	  2km	   reflectivity	  4.5	  hours	   into	   the	  simulation.	   	  The	   reflectivity	  panel	   shows	   the	  storm	  early	   in	   the	  strongest	   rotation	  center	  lifetime,	   given	   its	  position	  near	   the	   top	  of	   the	  boxed	   track.	   	  Again,	   the	   right	  panel	   shows	  rotation	   center	   tracks,	  with	   color	   shading	  and	   line	  width	  proportional	   to	   surface	  vertical	  vorticity	  magnitude.	  	   The	   same	   analysis	   conducted	   on	   the	   ideal	   KBMX	   simulation	   and	   the	   control	   case	  study	   simulation	   yield	   notably	   different	   results.	   	   The	   analysis	   revealed	   very	   cyclic	   storm	  morphology	   in	   the	   ideal	   run	   and	   relatively	   long-­‐lived	   rotation	   behavior	   in	   the	   real	  simulation.	   	  The	   longest-­‐lived	  rotation	  center	   in	  the	  control	  simulation	   lasted	  three	  times	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longer	   than	   the	  majority	  of	   the	   rotation	  centers	   in	   the	   ideal	   simulation.	   	  There	  are	  many	  possible	  explanations	  for	  this	  stark	  contrast	  in	  storm	  behavior,	  many	  of	  which	  are	  reflected	  in	  the	  differences	  between	  simulations	  styles.	  	  As	  stated	  before,	  the	  case	  study	  simulations	  include	   many	   things	   that	   ideal	   simulations	   do	   not,	   including	   but	   not	   limited	   to	   friction,	  surface	   fluxes,	   and	  mesoscale	   forcing.	   	   Some	   effects	   of	   altered	   surface	   physics	   on	   storm	  morphology	  are	  investigated	  in	  the	  next	  chapter.	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5.	  	  RESULTS	  II:	  	  SURFACE	  PHYSICS	  EXPERIMENTAL	  SIMULATIONS	  
	  	  
Synoptic	  Overview/Convective	  Progression	  In	   order	   to	   examine	   the	   sensitivity	   of	   supercellular	   storm	   longevity	   to	   surface	  influences,	   three	   experimental	   simulations	   were	   run	   altering	   surface	   characteristics:	   a	  frictionless	   simulation,	   one	   without	   surface	   fluxes,	   and	   one	   with	   neither	   longwave	  radiation	  nor	  surface	  fluxes.	  	  These	  simulations	  will	  hereafter	  be	  referred	  to	  as	  “Frictionless	  Test”,	  “Nosfflx	  Test”,	  and	  “Noradflx	  Test”,	  respectively.	  	  The	  results	  of	  the	  respective	  333m	  horizontal	  grid	  spacing	  domains	  are	  discussed	  in	  this	  section,	  as	  compared	  to	  the	  Control	  simulation.	   	   Each	   analysis	  will	   begin	   at	   20	  UTC,	   at	  which	   time	   control	   simulated	   storms	  already	   exhibited	   discrete,	   supercellular	   behavior	   (Figure	   5.1).	   	   The	   surface	   physics	  simulations	  have	  all	  been	  restarted	  using	  output	  data	  from	  the	  control	  simulation.	  	  As	  such,	  the	   four	   runs	   are	   theoretically	   identical	   at	   their	   start	   times.	   	   The	   three	   cells	   of	   interest	  include	   a	   linear	   storm	   [LS]	   located	   in	   the	   northernmost	   part	   of	   the	   domain,	   and	   two	  southern,	  discrete	  supercellular	  storms	  [SC1,	  SC2].	   	  At	  the	  start	  of	  the	  analysis,	  SC1	  had	  a	  maximum	  surface	  vertical	  vorticity	  signature	  of	  0.01	  s-­‐1,	  and	  SC2	  had	  a	  signature	  of	  0.03	  s-­‐1.	  
Time:	  	  20	  UTC	  (Figure	  5.2)	  In	   all	   experimental	   runs,	   the	   three	   storms	   of	   interest	   –	   LS,	   SC1	   and	   SC2	   –	   are	  simulated	  in	  a	  manner	  that	  closely	  resembles	  the	  Control	  simulated	  storms.	  	  However,	  the	  experimental	   simulations	   all	   exhibit	   a	   slightly	  more	   bowed	  behavior	   of	   the	   linear	   storm.	  	  Additionally,	   any	   hook-­‐like	   or	   notched	   features	   present	   in	   SC1	   and	   SC2	   are	   more	  pronounced	   in	   the	   Control	   simulation.	   	   Otherwise,	   all	   experimentally	   simulated	   storms	  exhibit	  similar	  size,	  intensity	  and	  placement	  with	  respect	  to	  the	  Control	  storms.	  
Time:	  	  21	  UTC	  (Figure	  5.3)	  An	  hour	  later,	  LS	  has	  become	  markedly	  less	  bowed	  in	  all	  four	  simulations.	  	  While	  the	  linear	   storm	   has	   very	   similar	   characteristics	   in	   both	   the	   Control	   and	   experimental	  simulations,	   the	   discrete	   cells	   show	   more	   variations.	   	   SC1	   has	   become	   much	   more	  classically	   supercellular,	  with	   very	   obvious	   hooks	   present	   on	   each	   of	   the	   four	   simulated	  storms.	  	  Control	  simulated	  SC1	  exhibits	  a	  much	  more	  connected,	  realistic	  hook	  than	  those	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in	   the	   experimental	   simulations.	   	   However,	   Control	   SC2	   is	   less	   organized,	   with	   more	  prominent	  notch	  features	  in	  each	  of	  the	  experimental	  surface	  runs.	  
Time:	  	  22	  UTC	  (Figure	  5.4)	  	   By	   22	   UTC,	   the	   linear	   storm	   has	   moved	   northward	   out	   of	   the	   domain.	   	   The	  remaining	  discrete	  cells	  have	  similar	  size,	  intensity	  and	  placement	  to	  the	  Control	  simulated	  storms.	   	   Control	   SC1	   has	   an	   elongated	   hook,	   and	   looks	   somewhat	   more	   organized	   than	  those	  in	  any	  of	  the	  experimental	  simulations.	   	  SC2	  has	  propagated	  into	  an	  area	  of	  greater	  cumulus	  and	  light	  reflectivity	  rain	  in	  the	  experimental	  simulations.	  	  Additionally,	  the	  hooks	  appear	  more	   tenuously	   attached	   to	   SC2,	  with	   the	  Control	   simulation	   exhibiting	   stronger,	  more	  organized	  features.	  	  The	  trailing	  linear	  storms	  show	  similar	  traits	  and	  behavior	  in	  all	  four	  simulations.	   	  Additionally,	   the	  Frictionless	  Test	  storms	  propagate	  slightly	   faster	  than	  those	  in	  the	  control	  simulation.	  	  This	  is	  expected	  in	  a	  run	  without	  friction,	  as	  storm	  outflow	  may	  more	   quickly	   propagate	   away	   from	   the	   storm	   resulting	   in	   faster	   storm	  motion	   and	  weaker	  storms.	  	   The	  control	  simulations	  and	  three	  surface	  physics	  experiments	  exhibit	  very	  similar	  features	  in	  the	  simulated	  storms,	  but	  also	  key	  differences.	  	  Interestingly,	  the	  linear	  storms	  are	  very	  similar	  between	  all	  four	  simulations,	  but	  the	  Control	  run	  produced	  stronger,	  more	  organized	  discrete	  supercells.	   	  These	  qualitative	  observations	  are	  reflected	  quantitatively	  in	  the	  following	  vorticity	  center	  analysis.	  
Verification	  of	  Vertical	  Vorticity	  Tracks	  Again,	  surface	  vertical	  vorticity	  maxima	  of	  mesocyclone	  strength	  (vertical	  vorticity	  ≥	  .01	   s-­‐1)	  were	   tracked.	   	   Among	   the	   strongest	   10	   centers	   identified	   in	   each	   simulation,	   all	  nearly	  met	  or	  exceeded	  tornado	  vortex	  signature	  [TVS]	  thresholds	  (vertical	  vorticity	  ≥	  0.1	  s-­‐1).	  	  The	  vorticity	  center	  with	  the	  longest	  duration	  –	  continuous	  time	  period	  with	  vorticity	  greater	  than	  0.01s-­‐1	  –	   in	  each	  run	  was	  used	   in	  the	  subsequent	   inflow	  analyses.	   	  Table	  5.1	  summarizes	   each	   simulation’s	   basic	   analysis	   statistics.	   	   The	   control	   simulation	   analysis	  produced	   vorticity	   tracks	  with	   impressively	   long	   durations.	   	   Disregarding	   the	   3	  merging	  vorticity	   centers,	   five	   of	   the	   remaining	   seven	   centers	   were	   sustained	   for	   30	  minutes	   or	  more.	  	  The	  three	  surface	  experiments	  simulated	  fewer	  storms	  with	  such	  durations.	  
Summary:	  	  Frictionless	  Test	  	  
	   58	  
	   Of	   the	   strongest	   10	   vorticity	   centers	   tracked,	   three	   of	   them	   quickly	   merged	   into	  other	  centers.	  	  Out	  of	  the	  remaining	  7,	  only	  three	  vorticity	  centers	  lasted	  for	  30	  minutes	  or	  longer.	   	   The	   vorticity	   center	   used	   in	   the	   following	   inflow	   analysis	   had	   a	   lifetime	   of	   44	  minutes	  and	  a	  maximum	  vertical	  vorticity	  value	  of	  0.102s-­‐1.	  
Summary:	  	  Nosfflx	  Test	  (Figure	  5.5)	  	   Of	  the	  strongest	  10	  vorticity	  centers	  tracked,	  two	  merged	  into	  other	  centers.	  	  Of	  the	  remaining	   eight,	   only	   two	  vorticity	   centers	   lasted	   for	  30	  or	  more	  minutes.	   	   The	   vorticity	  center	  used	  in	  the	  subsequent	  inflow	  analysis	  had	  a	  duration	  of	  45	  minutes	  and	  a	  maximum	  vertical	  vorticity	  value	  of	  0.111s-­‐1.	  
Summary:	  	  Noradflx	  Test	  (Figure	  5.6)	  	   Of	  the	  strongest	  10	  vorticity	  centers	  tracked,	  two	  of	  them	  merged	  into	  other	  centers.	  	  Of	   the	   remaining	   eight,	   only	   two	   vorticity	   centers	   lasted	   for	   30	   or	   more	   minutes.	   	   The	  vorticity	  center	  used	   in	   the	   following	   inflow	  analysis	  had	  a	  duration	  of	  36	  minutes	  and	  a	  maximum	  vertical	  vorticity	  value	  of	  0.082s-­‐1.	  	   It	   is	   obvious	   through	   this	   analysis	   that	   the	  Control	   simulation,	  which	   includes	   full	  surface	   and	   radiation	   physics,	   generates	   storms	  with	   significantly	   longer	   life	   cycles	   than	  those	  without	  various	  surface	  physics	  options.	  	  In	  the	  following	  section,	  different	  aspects	  of	  the	  inflow	  region	  will	  be	  investigated	  for	  attributes	  contributing	  to	  this	  difference	  in	  storm	  behavior.	  
Simulated	  Inflow:	  Physics	  Tests	  vs.	  Control	  
Control	  Inflow	  	   The	   control	   hodograph	   (Figure	   5.7)	   is	   initially	   significantly	   kinked	   in	   the	   upper	  levels,	  although	  the	  0-­‐3	  km	  winds	  are	  unidirectional.	  	  The	  sounding	  is	  moist	  throughout	  the	  troposphere,	  with	   the	  exception	  of	  a	  strong	  dry	   layer	  between	  700-­‐500mb.	   	  Also,	  a	  weak	  inversion	  exists.	  	  At	  the	  surface,	  winds	  are	  also	  weak,	  with	  little	  directional	  shear.	  	  	  As	  the	  storm	  progresses,	   upper	   level	  winds	  make	   a	  nearly	   full	   circle	  hodograph,	  while	   lower	   to	  mid-­‐level	  winds	  become	   increasingly	   straight-­‐lined.	   	   Surface	  winds	  become	   stronger	   and	  more	  backed	  with	  time,	  and	  the	  sounding	  dries	  throughout	  the	  atmosphere.	  
Frictionless	  Test	  Inflow	  	  	   Initially,	  the	  0-­‐1	  km	  shear	  is	  represented	  as	  a	  straight	  line	  on	  the	  hodograph	  (Figure	  5.8),	  with	  slight	  curvature	  to	  3km	  and	  the	  upper	  levels	  coming	  nearly	  full	  circle,	  similar	  to	  the	  control	  simulation.	   	  The	   inflow	  sounding	  begins	  relatively	  dry,	  with	  a	  weak	   inversion	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around	  700mb,	  no	  directional	  shear	  and	  very	  weak	  surface	  winds.	  	  As	  time	  progresses,	  the	  0-­‐3	  km	  simulation	  winds	  became	  more	  unidirectional,	  with	   the	  exception	  of	   a	  90	  degree	  turning	  in	  the	  wind	  field	  below	  1	  km.	  	  It	  is	  also	  notable	  that	  the	  2-­‐3	  km	  wind	  speeds	  slightly	  increase	   with	   time.	   	   Overall,	   the	   frictionless	   test	   simulation	   and	   control	   simulation	  hodographs	  are	  very	  similar.	  	  The	  sounding	  remains	  exceptionally	  dry	  at	  upper	  levels,	  but	  becomes	  more	  saturated	  at	  800	  mb.	   	  The	  experimental	  sounding	   is	  also	  slightly	  cooler	  at	  the	  surface	  than	  the	  Control	  sounding.	  	   Simulated	  CAPE,	  CIN	  and	  LCL	  height	  fields	  look	  similar	  to	  the	  Control	  simulation	  as	  well	   (Figure	   5.9).	   	   However,	   considerable	   differences	   can	   be	   seen	   in	   the	   inflow	   of	   the	  storms	   in	   the	   storm	   relative	   helicity	   fields,	   both	   from	   0-­‐1km	   and	   0-­‐3km.	   	   The	   Control	  simulation,	   with	   full	   surface	   physics,	   produces	   storms	   that	   modify	   the	   environmental	  helicity	  to	  a	  greater	  degree	  and	  further	  away	  from	  the	  storms’	  updrafts	  than	  those	   in	  the	  frictionless	  simulation.	  
Nosfflx	  Test	  Inflow	  	   The	   simulated	   hodograph	   (Figure	   5.10)	   has	   a	   slightly	   curved	   shape	   from	   0-­‐3	   km,	  varying	   in	   direction	   to	   the	  mid	   and	  upper	   levels,	  where	  winds	  make	   a	   nearly	   half	   circle.	  	  The	  sounding	  is	  very	  dry	  both	  aloft	  and	  at	  the	  surface.	  	  The	  inversion	  present	  at	  700mb	  is	  considerably	  weak	  and	   smoothed	  out.	   	  Again,	   the	   simulated	   surface	  winds	   are	  weak	  and	  lack	   significant	   directional	   shear.	   	   As	   time	   progresses,	   the	   0-­‐3	   km	   winds	   become	   more	  unidirectional.	   	   	   It	   is	   notable	   that	   the	  0-­‐1	  km	  winds	  have	  no	   curvature	  whatsoever.	  Dew	  points	  continue	  to	  drop	  at	  low	  levels.	  	  The	  temperature	  in	  the	  lower	  atmosphere	  (~900mb)	  also	  begins	  to	  slightly	  cool,	  and	  winds	  intensify	  at	  the	  surface.	   	  As	  expected,	  the	  sounding	  without	   surface	   fluxes	   is	   significantly	  drier	   than	   that	   from	   the	  Control	   simulation,	  with	  a	  5°C	  dew	  point	  depression	  difference	  between	  them.	  	   Again,	   CAPE,	   CIN,	   and	  LCL	  height	   fields	   look	   similar	   between	   the	   two	   simulations	  (Figure	  5.11).	  	  Differences	  do	  exist	  in	  the	  SRH	  fields	  –	  storms	  in	  the	  Control	  simulation	  have	  higher	  0-­‐1km	  SRH	  and	  0-­‐3km	  SRH	  values	  than	  seen	  in	  the	  Nosfflx	  Test,	  extending	  further	  out	  from	  the	  inflow	  of	  the	  storms.	  
Noradflx	  Test	  Inflow	  	  	   	  	  The	  simulated	  hodograph	  and	  sounding	  have	  behavior	  remarkably	  similar	  to	  that	  in	   the	  Nosfflx	   simulation	   (Figure	   5.12).	   	   The	   sounding,	   however,	   displays	   one	   difference.	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Slightly	  more	  moist	  at	  the	  surface	  than	  that	  in	  the	  Nosfflx	  Test,	  this	  experimental	  sounding	  and	  the	  Control	  sounding	  have	  a	  dew	  point	  depression	  differential	  of	  only	  3°C.	  	  As	  was	  true	  in	   the	  previous	   two	  experiments,	   the	   thermodynamic	   fields	  are	  very	  similar	  between	   the	  Control	  simulation	  and	  Noradflx	  Test	  (Figure	  5.13).	  	  Only	  the	  0-­‐1km	  and	  0-­‐3km	  SRH	  fields	  show	  any	  substantial	  difference,	  with	  the	  Noradflx	  Test	  simulated	  storms	  failing	  to	  modify	  their	  environment	  as	  significantly	  as	  those	  in	  the	  Control	  simulation.	  	   Additional	   analysis	   (not	   shown)	   has	   shown	   that	   key	   parameters	   in	   all	   four	  simulations’	   inflow	   show	   significant	   changes	   with	   time.	   	   Inflow	   CAPE,	   LCL,	   potential	  temperature	  and	  vapor	  mixing	  ratio	  values	  are	  not	  steady-­‐state	  throughout	  the	  lifecycle	  of	  the	  rotation	  centers.	   	  This	  indicates	  that	  inflow	  parameters	  in	  storms	  may	  fluctuate	  while	  the	  associated	  rotation	  center	  has	  relatively	  steady	  vertical	  vorticity	  behavior,	  maintaining	  mesocyclone-­‐strength.	  
Physics	  Tests	  vs.	  Control	  KBMX	  vs.	  Observed	  KBMX	  
Frictionless	  Test	  KBMX	  (Figure	  5.14)	  	   At	   21	   UTC,	   both	   soundings	   have	   a	   mid-­‐level	   dry	   air	   layer,	   but	   the	   physics	  experiment	  is	  saturated	  at	  low	  levels	  and	  has	  a	  more	  prominent	  inversion.	  	  Low-­‐level	  wind	  profiles	  appear	  relatively	  similar.	  	  An	  hour	  later	  at	  22	  UTC,	  the	  Control	  simulation	  has	  drier	  mid-­‐levels,	  while	  the	  frictionless	  run	  is	  slightly	  drier	  below	  the	  inversion.	  	  Hodographs	  look	  similar,	   but	   the	   low	   level	   winds	   of	   the	   physics	   experiment	   are	   significantly	   less	   backed,	  most	   likely	   due	   to	   the	   lack	   of	   friction.	   	   The	   frictionless	   simulation	   also	   has	   significantly	  higher	  CAPE,	   800	   J/kg	  higher	   than	   the	  Control	   simulation.	   	   It	   should	  be	  noted,	   however,	  that	  this	  may	  be	  due	  to	  some	  passing	  boundary,	  as	  the	  experiment’s	  CAPE	  value	  was	  similar	  to	  that	  of	  the	  Control	  earlier	  in	  the	  simulation.	  
Nosfflx	  Test	  KBMX	  (Figure	  5.15)	  	   At	   21	   UTC,	   the	   simulated	   thermodynamic	   profiles	   look	   very	   similar,	   as	   do	   the	  hodograph	  shapes	  and	  low-­‐level	  winds.	  	  The	  physics	  test,	  however,	  is	  saturated	  just	  below	  the	   inversion.	   	  CAPE	  and	  CIN	  amounts	  are	  comparable.	   	  An	  hour	   later,	   surface	  winds	  are	  slightly	  more	  backed	  in	  the	  Control	  run,	  and	  mid-­‐level	  dry	  layers	  look	  similar.	  	  The	  physics	  test	   remains	   saturated	   below	   a	   weak	   inversion,	   and	   is	   slightly	   drier	   than	   the	   Control	  simulation	  at	  the	  surface.	  	  The	  Control	  run	  has	  slightly	  higher	  CAPE,	  around	  200	  J/kg	  more	  than	  the	  physics	  experiment.	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Noradflx	  Test	  KBMX	  (Figure	  5.16)	  	   At	  21	  UTC,	  the	  physics	  test	  has	  a	  slightly	  larger	  inversion,	  and	  is	  somewhat	  moister	  at	   lower	   levels.	   	  However,	   the	   surface	  winds	   are	   very	   similar,	   as	   do	   the	  hodographs	   and	  mid-­‐level	   dry	   air	   intrusion.	   	   As	   time	   progresses,	   winds	   are	   slightly	   more	   backed	   at	   the	  surface,	  although	   the	  physics	   test	   is	   still	  moister	  at	  mid	   to	   low	   levels.	   	  Again,	   the	  Control	  simulation	   is	   moister	   at	   the	   surface	   and	   boasts	   250	   J/kg	   higher	   CAPE	   than	   the	   physics	  experiment.	  	   Analysis	  has	  shown	  that	  the	  Control	  simulation,	  with	  full	  surface	  physics,	  produced	  more	   storms	   with	   greater	   longevity	   than	   those	   experimental	   simulations	   with	   modified	  surface	   physics.	   	   Upon	   investigating	   their	   inflow	   characteristics,	   most	   of	   the	  thermodynamic	  properties	  very	  closely	  mimicked	  those	  of	  the	  Control	  simulation,	  with	  the	  exception	   of	   understandably	   drier	   surface	   conditions	   in	   the	   Nosfflx	   and	   Noradflx	   tests.	  	  However,	   noteworthy	   differences	  were	   seen	   in	   the	   SRH	   fields	   of	   these	   storms,	   revealing	  that	  storms	  simulated	  under	  full	  surface	  physics	  conditions	  were	  more	  able	  to	  significantly	  modify	  their	  inflow	  fields	  to	  a	  greater	  degree	  and	  geographical	  extent.	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CHAPTER	  5	  TABLE	  AND	  FIGURES	  	  	   Table	   5.1.	   Surface	   physics	   experiments	   statistics	   from	   analysis-­‐tracked	   sustained	  vertical	  vorticity	  centers.	  	  Statistic	  descriptions	  as	  follows:	  
• Avg.	  Duration:	  	  The	  average	  duration	  of	  all	  top	  10	  ranked	  vertical	  vorticity	  centers.	  
• Hi.	  Duration:	  	  The	  longest	  duration	  storm	  tracked	  in	  analysis.	  
• Time	  Torn:	  	  The	  total	  time	  all	  top	  10	  ranked	  vorticity	  centers	  exceeded	  TVS	  thresholds.	  
• Avg.	  10	  Strgth:	  	  The	  average	  vertical	  vorticity	  value	  computed	  from	  each	  of	  the	  top	  10	  center’s	  strongest	  vorticity	  values.	  
• Avg.	  #1	  Strgth:	  	  The	  average	  vertical	  vorticity	  value	  computed	  from	  all	  vorticity	  values	  of	  the	  longest	  duration	  storm	  from	  each	  simulation.	  
• Overall	  Strgth:	  	  The	  average	  vertical	  vorticity	  (in	  s-­‐1)	  value	  computed	  from	  all	  vorticity	  values	  of	  each	  of	  the	  top	  10	  centers	  tracked.	  	   	   Control	   Glassy	  Surface	   No	  Sfflx	   No	  Radflx	  
Avg.	  Duration	   46	  min	   27	  min	   22	  min	   20	  min	  
Hi.	  Duration	   90	  min	   44	  min	   45	  min	   36	  min	  
Time	  Torn	   27	  min	   20	  min	   21	  min	   14	  min	  
Avg.	  10	  Strgth	   .12970	  s-­‐1	   .11379	  s-­‐1	   .11760	  s-­‐1	   .09577	  s-­‐1	  
Avg.	  #1	  Strgth	   .03714	  s-­‐1	   .03854	  s-­‐1	   .04305	  s-­‐1	   .04168	  s-­‐1	  
Overall	  Strgth	   .03949	  s-­‐1	   .04840	  s-­‐1	   .04810	  s-­‐1	   .04994	  s-­‐1	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Figure	   5.2.	   Reflectivity	   from	   20	   UTC	   on	   April	   27,	   2011.	   	   Left:	   	   Control	   simulated	   2km	  reflectivity	  (color	  shading;	  dBZ).	  	  Left	  Center:	  	  Frictionless	  Test	  simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	  	  Right	  Center:	  No	  surface	  fluxes	  test	  simulated	  2km	  reflectivity	  (color	  shading;	   dBZ).	   	   Right:	   	  No	   longwave	   radiation/surface	   fluxes	  physics	   test	   simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	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Figure	   5.3.	   Reflectivity	   from	   21	   UTC	   on	   April	   27,	   2011.	   	   Left:	   	   Control	   simulated	   2km	  reflectivity	   (color	   shading;	  dBZ).	   	   Left	  Center:	   	   Frictionless	  physics	   experiment	   simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	   	  Right	  Center:	  No	  surface	  fluxes	  physics	  experiment	  simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	   	  Right:	   	  No	  longwave	  radiation	  or	  surface	  fluxes	  physics	  experiment	  simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	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Figure	   5.4.	   	   Reflectivity	   from	   22	   UTC	   on	   April	   27,	   2011.	   	   Left:	   	   Control	   simulated	   2km	  reflectivity	   (color	   shading;	  dBZ).	   	   Left	  Center:	   	   Frictionless	  physics	   experiment	   simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	   	  Right	  Center:	  No	  surface	  fluxes	  physics	  experiment	  simulated	  2km	  reflectivity	  (color	  shading;	  dBZ).	   	  Right:	   	  No	  longwave	  radiation	  or	  surface	  fluxes	  physics	  experiment	  simulated	  2km	  reflectivity	  (color	  shading;	  dBZ)	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Figure	   5.8.	   	   	   Long-­‐track	   vorticity	   centers’	   inflow	   soundings	   and	   hodographs	   comparison.	  	  Top	  Left:	  	  Control	  simulation	  inflow	  sounding/hodograph	  from	  beginning	  of	  vorticity	  track.	  	  Top	   Right:	   	   Frictionless	   Test	   simulation	   inflow	   sounding/hodograph	   from	   beginning	   of	  vorticity	  track.	   	  Bottom	  Left:	   	  Control	  simulation	  inflow	  sounding/hodograph	  from	  end	  of	  vorticity	   track.	   	   Bottom	   Right:	   	   Frictionless	   Test	   simulation	   inflow	   sounding/hodograph	  from	  end	  of	  vorticity	  track.	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Figure	  5.9.	  Comparison	  of	  Simulated	  environments	  from	  27	  April	  2011	  –	  21	  UTC.	  	  Top,	  from	  left	   to	   right:	   	   Control	   Simulation	   CAPE/CIN,	   LCL	   Heights,	   0-­‐1km	   SRH,	   and	   0-­‐3km	   SRH.	  	  Right,	  from	  left	  to	  right:	   	  Frictionless	  Test	  Simulation	  CAPE/CIN,	  LCL	  Heights,	  0-­‐1km	  SRH,	  and	  0-­‐3km	  SRH.	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Figure	  5.11.	   	  Comparison	  of	  Simulated	  environments	   from	  27	  April	  2011	  –	  21	  UTC.	   	  Top,	  from	  left	  to	  right:	  	  Control	  Simulation	  CAPE/CIN,	  LCL	  Heights,	  0-­‐1km	  SRH,	  and	  0-­‐3km	  SRH.	  	  Right,	  from	  left	  to	  right:	  	  Nosfflx	  Test	  Simulation	  CAPE/CIN,	  LCL	  Heights,	  0-­‐1km	  SRH,	  and	  0-­‐3km	  SRH.	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Figure	  5.12.	   	   Long-­‐track	  vorticity	   centers’	   inflow	  soundings	  and	  hodographs	   comparison.	  	  Top	  Left:	  	  Control	  simulation	  inflow	  sounding/hodograph	  from	  beginning	  of	  vorticity	  track.	  	  Top	   Right:	   	   NoRadFlx	   Test	   simulation	   inflow	   sounding/hodograph	   from	   beginning	   of	  vorticity	  track.	   	  Bottom	  Left:	   	  Control	  simulation	  inflow	  sounding/hodograph	  from	  end	  of	  vorticity	  track.	  	  Bottom	  Right:	  	  NoRadFlx	  Test	  simulation	  inflow	  sounding/hodograph	  from	  end	  of	  vorticity	  track.	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   This	   study	   focused	   on	   examining	   environmental	   and	   stormscale	   processes	  contributing	  to	  long-­‐track	  tornadic	  supercell	  maintenance.	  	  Both	  ideal	  and	  case	  study	  WRF	  simulations	  were	  used	  to	  model	  the	  27	  April	  2011	  Alabama	  tornado	  outbreak,	  chosen	  for	  its	  distinctive	  production	  of	  long-­‐track	  storms.	   	  The	  resulting	  storms	  were	  then	  examined	  for	   strength	   and	   duration	   of	   surface	   vertical	   vorticity	   centers	   and	   their	   accompanying	  attributes.	   	   There	   existed	   obvious	   difference	   between	   the	   ideal	   and	   real	   control	  simulations.	   	   We	   have	   shown	   that	   the	   ideal	   simulations	   exhibit	   cyclic	   storm	   behavior,	  described	  as	  NOCM	  (Adlerman	  and	  Droegemeier	  2005),	  with	  average	  mesocyclone	  lifetime	  averaging	   between	   30	   –	   45	   minutes.	   	   Contrastingly,	   the	   case	   study	   control	   simulation	  produced	  a	  discrete	  supercell	  with	  a	  mesocyclone	  lifetime	  of	  90	  minutes.	  	  Each	  simulation	  type	   produced	   similar	   maximum	   surface	   vertical	   vorticity	   values	   associated	   with	   their	  strongest,	   long-­‐tracked	   storms,	   although	   preliminary	   analysis	   of	   finer	   horizontal	   grid	  spacing	   case	   study	   runs	  hint	   that	   the	   control	   run	  may	  have	  much	  higher	  vorticity	  values	  than	  simulated	  at	  333	  meters.	  	  	  Given	  that	  both	  of	  these	  simulations	  were	  initialized	  with	  data	  from	  the	  same	  case	  study,	   one	  may	   expect	   similar	   behavior	   to	   be	   produced	   by	   each	   run.	   	   However,	   the	   real	  simulation	  mesocyclone	   lifetimes	  were	   roughly	   twice	   as	   long	   as	   those	   found	   in	   the	   ideal	  simulation.	   	   Differences	   in	   simulation	   attributes	   were	   then	   investigated	   as	   possible	  explanations	   for	   the	  simulations’	  morphological	  variations.	   	  As	  previously	  discussed,	  case	  study	  WRF	  simulations	  contain	  many	  attributes	  that	  ideal	  simulations	  do	  not,	  including	  but	  not	   limited	   to:	   topography,	   friction,	   surface	   and	   boundary	   layer	   physics,	   sub	   surface	  moisture,	   and	  horizontal	   variability.	   	  Due	   to	   anecdotal	   evidence	   (Appendix	  1),	   this	   study	  focused	  on	  the	  surface-­‐based	  differences	  in	  the	  model.	  	  Recall	  that	  the	  ideal	  simulation	  was	  free	  slip,	  and	  did	  not	  include	  surface	  fluxes	  or	  sub	  surface	  data.	  A	   variety	   of	   real	   experimental	   simulations	  were	   then	   conducted	   omitting	   friction,	  surface	  fluxes	  and/or	  longwave	  radiation,	  in	  order	  to	  further	  investigate	  the	  role	  of	  surface-­‐based	  properties	  on	  rotation	  center	  duration.	   	  The	  rotation	  center	  analysis	  performed	  on	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the	  control	  and	  ideal	  simulations	  was	  also	  performed	  on	  the	  surface	  physics	  experiments.	  	  When	   compared	   to	   these	   surface	   modified	   experiments,	   the	   full-­‐surface-­‐physics	   control	  simulation	   again	   produced	   surface	   rotation	   centers	   with	   considerably	   longer	   lifetimes.	  	  After	   investigating	   the	   inflow	   environments	   of	   each	   storm,	   it	   was	   shown	   that	   both	   the	  Control	  and	  Surface	  Experiments	  have	  thermodynamic	  fluctuations	  in	  their	  inflow	  air.	  	  The	  Control	   exhibited	   higher	   CAPE	   and	   water	   vapor	   mixing	   ratios,	   lower	   LFCs	   and	   similar	  potential	   temperature	   values	   when	   compared	   to	   the	   experimental	   simulations.	  	  Interestingly,	   storms	   produced	   in	   the	   Control	   environment	   also	   exhibited	   the	   ability	   to	  modify	   their	   inflow	   regions	  more	   and	   to	   a	   greater	   geographical	   extent	   that	   those	   in	   the	  experimental	   simulations.	   	  The	  Control	   simulation	  had	   the	   strongest	  0-­‐1	  and	  0-­‐3km	  SRH	  values	  extending	  further	  into	  the	  storms’	  inflow	  regions	  among	  the	  conducted	  simulations.	  
Discussion	  and	  Future	  Work	  From	  these	  facts,	  a	  possible	  explanation	  arises.	  	  It	  is	  well	  known	  that	  more	  favorable	  environmental	  parameters	  –	  higher	  CAPE,	  lower	  LCLs,	  etc.	  –	  create	  stronger,	  more	  surface	  connected	   storms.	   	   These	   storms,	   in	   turn,	   have	   a	   greater	   ability	   to	   modify	   their	   inflow	  environments	  close	  to	  the	  surface	  (Figure	  6.1).	  	  Stated	  another	  way,	  the	  horizontal	  area	  of	  storm-­‐modified	  inflow	  air	  bound	  for	  the	  storm	  updraft	  is	  larger	  in	  these	  cases.	  	  Inside	  this	  inflow-­‐affected	  “shield”	  created	  by	  the	  storm,	  environmental	  air	  has	  more	  time	  to	  become	  increasingly	   sheared	   at	   low	   levels	   (Figure	   6.2,	   Appendix	   2).	   	   This	   increase	   in	   low-­‐level	  helicity	  could	  then	  enable	  the	  sustenance	  of	  low-­‐level	  rotation	  within	  the	  storm	  (Appendix	  3).	   	  This	  may	  slow	  down,	  and	   in	   some	  cases	  prevent,	  mesocyclone	  cycling	  processes	  and	  increase	  storm	  longevity.	  One	   major	   question	   that	   remains	   is	   how	   internal	   processes	   create	   increasingly	  surface	   connected	   storms.	   	   This	   storm	   property	   may	   be	   a	   result	   of	   a	   variety	   of	   factors,	  including	  increased	  updraft	  and	  downdraft	  strength	  arising	  from	  higher	  moisture	  present	  at	  the	  surface.	  	  This	  low-­‐level	  moisture	  concentration	  may	  then	  affect	  the	  buoyancy	  of	  the	  original	  inflow	  air	  in	  such	  a	  way	  that	  supercells	  and	  their	  associated	  drafts	  are	  stronger	  and	  more	   surface-­‐connected,	   therefore	  modifying	   their	   own	   inflow	   environment	   to	   a	   greater	  extent.	   	   Alternatively,	   there	   are	   already	   known	   modes	   for	   creating	   surface	   connected	  storms,	  such	  as	  updraft	  pulses	  leading	  to	  increased	  evaporational	  cooling	  in	  the	  FFD	  which	  drives	  outflow	  strongly	   away	   from	   the	   storm.	   	   	   Condensational	  warming	  associated	  with	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the	   updraft	   pulses	   also	   create	   hydrostatic	   pressure	   falls	   under	   the	   updraft,	   increasing	  storm	  inflow.	  	  Each	  component	  affects	  the	  storm	  over	  different	  times	  scales,	  which	  may	  or	  may	   not	   be	   important.	   	   Perhaps	   some	   periodicity	   or	   resonance	   of	   these,	   or	   similar,	  processes	  are	  the	  primary	  cause	  for	  more	  surface	  connected	  storms.	  	   It	   should	   also	   be	   noted	   that	   coincidence	   is	   not	   causality.	   	   This	   body	   of	  work	   only	  considered	  one	  case	  study.	  	  This	  hypothesis,	  while	  logically	  sound	  within	  the	  parameters	  of	  this	  study,	  still	  requires	  extensive	  testing	  and	  expansion	  before	  acceptance,	  including,	  but	  not	  limited	  to,	  more	  detailed	  investigation	  of	  storm	  processes	  at	  smaller	  temporal	  and	  grid	  scales	   in	   order	   to	   exactly	   pinpoint	   the	   processes	   that	   cause	   inflow	  modification.	   	   Also,	   a	  battery	   of	   different	   test	   cases	   would	   be	   ideal.	   	   While	   long-­‐track	   tornado	   cases	   are	  exceedingly	  rare,	  it	  would	  be	  preferable	  that	  future	  tests	  come	  from	  cases	  which	  occurred	  during	  variable	  times	  and	  across	  different	  geographical	  regions.	  	  	  	   Operationally	   detecting	   storms	   with	   the	   capability	   to	   produce	   long-­‐tracked	  tornadoes	  before	  one	  reaches	  the	  ground	  is	  currently	  a	  challenging	  endeavor.	  	  If	  this	  theory	  is	  correct,	  there	  may	  be	  a	  multi-­‐member	  approach	  to	  detecting	  storms	  with	  this	  potential.	  	  Current	  Storm	  Prediction	  Center	  [SPC]	  analysis	  has	  already	  narrowed	  down	  parameters	  for	  surface	   based	   and	   possible	   long-­‐tracked	   supercells.	   	   In	   addition	   to	   this,	   increased	  modifications	  in	  extremely	  low-­‐level	  wind	  fields	  would	  need	  to	  be	  detected.	   	  This	  poses	  a	  significant	   challenge,	   as	   this	   requires	   storms	   in	   question	   to	   either	   be	   located	   extremely	  close	  to	  WFO	  radars,	  to	  be	  scanned	  by	  a	  Doppler	  Radar	  on	  Wheels	  [DOW],	  or	  pass	  through	  fine	  mesonets.	  	  This	  sampling	  may	  be	  easier	  to	  achieve	  in	  some	  areas	  than	  others.	  	  Highly	  populated	  areas	  in	  tornado	  alley,	   like	  the	  Oklahoma	  City	  region,	  not	  only	  boast	  mesonets,	  but	  also	  play	  host	  to	  many	  research	  DOWs	  during	  storm	  season.	   	  Areas	   like	  the	  Southern	  Mississippi	  Valley	  -­‐	  with	  fewer	  storm	  research	  teams,	  less	  weather-­‐devoted	  resources	  and	  harder	  to	  navigate	  road	  networks	  -­‐	  will	  likely	  not	  have	  the	  ability	  to	  as	  easily	  attempt	  these	  methods.	   	   Ironically,	   it	   is	   those	   areas	   that	   statistically	   need	   the	   most	   long-­‐track	   storm	  mitigation	  efforts,	  according	  to	  the	  SPC.	   	  A	  2004	  study	  by	  Broyles	  and	  Crosbie	  pinpointed	  the	  Lower	  Mississippi	  and	  Tennessee	  Valleys	  as	  the	  most	  active	  regions	  for	  long-­‐track	  EF3	  to	  EF5	  tornadoes.	  	  	  Like	  many	   scientific	   statements,	   this	   theoretical	   explanation	   begs	  more	   questions	  than	  it	  answers.	   	  For	  example,	   just	  how	  sensitive	  are	  storms	  to	  changes	  in	  environmental	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thermodynamic	   and	   kinematic	   parameters?	   	   Does	   there	   exist	   some	   unknown	   threshold	  made	  of	  a	  combination	  of	  key	  fields	  –	  such	  as	  CAPE	  and	  shear	  –	  that,	  once	  crossed,	  storms	  gain	  the	  ability	  to	  remain	  tornadic,	  some	  for	  extended	  periods	  of	  time?	  	  This	  would	  explain	  why,	  in	  some	  tornadic	  cases,	  the	  lack	  of	  shear	  is	  made	  up	  for	  with	  an	  excess	  of	  CAPE,	  and	  vise	  versa.	  	  It	  would	  also	  mean	  that	  small	  variations	  in	  environmental	  parameters	  would	  be	  of	  great	  significance.	  	  It	  is	  obvious	  that	  our	  understanding	  of	  long-­‐tracked	  storms	  is	  still	  in	  its	   infancy.	   	   There	   is	   much	   work	   to	   be	   done	   in	   order	   to	   advance	   our	   knowledge	   and	  forecasting	  abilities	  of	  these	  phenomena.	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CHAPTER	  6	  FIGURES	  
	  
	  Figure	  6.1.	  	  Idealized	  schematic	  of	  a	  supercell	  with	  extended	  area	  of	  modified	  inflow	  (green	  shading).	   	  The	  gray	  polygon	  indicates	  the	  body	  of	  the	  supercell,	  a	  purple	  circle	  marks	  the	  updraft,	  blue	   lines	  symbolize	  rain-­‐cooled	  downdraft	  air,	  and	  black	   lines	  symbolize	   inflow	  air.	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APPENDIX:	  	  ANECDOTAL	  EVIDENCE	  &	  SIMULATION	  TESTS	  	  	  
1.	  	  Choosing	  Surface-­‐Based	  Model	  Differences	  for	  Sensitivity	  Experiments	  	   In	   the	   many	   test	   simulations	   conducted	   in	   an	   effort	   to	   simulate	   a	   supercell	   with	  long-­‐track	   characteristics,	   RUC	   data	   without	   sub-­‐surface	   soil	   moisture	   (using	   thermal	  diffusion	  to	  treat	  the	  surface)	  was	  originally	  used	  to	  initialize	  WRF.	   	  This	  data	  resulted	  in	  storms	  of	  linear	  nature.	  	  Later	  experiments	  using	  more	  complex	  RUC	  data	  containing	  sub-­‐surface	   moisture	   layers	   yielded	   supercellular	   storms	   with	   long-­‐track	   behavior.	   	   This	  evidence,	   in	   addition	   to	   and	   SPC	   study	   (Broyles	   and	   Crosbie,	   2004)	   which	   show	   high	  concentrations	   of	   strong,	   long-­‐tracked	   tornados	   in	   the	   southern	   United	   States,	   led	   this	  researcher	  to	  concentrate	  on	  surface-­‐based	  model	  differences	  during	  sensitivity	  tests.	  
2.	  Why	  environmental	  air	  doesn’t	  strictly	  translate	  into	  the	  inflow	  air	  of	  a	  supercell.	  
	   Consider	   for	   a	   moment	   that	   you’re	   standing	   on	   your	   front	   lawn	   and	   you	   see	   a	  toddler	  dart	  into	  the	  middle	  of	  the	  street.	   	  Before	  you	  can	  react,	  you	  notice	  that	  there	  are	  two	  cars	  speeding	  down	  the	  road	  at	  45	  miles	  per	  hour,	  headed	  toward	  the	  child.	   	  Car	  A	  is	  100	   feet	   away	   from	   the	   child,	  while	   Car	  B	   is	   200	   feet	   away.	   	   Assuming	   the	   drivers	   have	  equal	   reaction	   time	  and	  apply	   their	  brakes	   at	   the	   same	   rate,	   it	   is	   obvious	   that	  Car	  B	  has	  more	   time	   than	  Car	  A	   to	   slow	  down	   in	   an	   effort	   to	   avoid	   striking	   the	   child	   in	   the	   street.	  	  (Obviously,	  the	  efforts	  of	  both	  drivers	  are	  for	  naught,	  as	  you	  quickly	  swoop	  in	  and	  rescue	  the	  child.	   	  Out	  of	  thanks,	  the	  parents	  shower	  you	  with	  gifts.	   	  You	  become	  a	  national	  hero.	  	  Congratulations,	  chief!)	  	  Now	  consider	  two	  similar	  storms.	  	  Storm	  A	  has	  a	  modified	  inflow	  of	   5km,	   while	   Storm	   B	   modifies	   its	   inflow	   out	   to	   15km	   away	   from	   the	   updraft.	  	  Environmental	  winds	  have	  more	  time	  to	  shift	  direction	  when	  traveling	  through	  the	  inflow	  of	  Storm	  B,	  rather	  than	  Storm	  A.	  	  This	  enables	  Storm	  B	  to	  ingest	  increasingly	  sheared	  air.	  
3.	  Why	  a	  more	  geographically	  extensive	  modified	  inflow	  environment	  helps	  sustain	  
storms.	  	   Consider	   the	   case	  of	   two	  men	  of	   similar	   age	  and	  health.	   	  Both	  men	  go	  purchase	  a	  bushel	  of	  apples	  from	  the	  same	  supermarket,	  and	  consume	  them	  at	  the	  same	  rate.	  	  Man	  A	  simply	   takes	   an	   apple	   from	   the	   bushel	   and	   eats	   it	   in	   its	   current	   state.	   	  Man	  B,	   however,	  takes	  the	  time	  to	  wash	  all	  pesticides	  from	  the	  apple	  and	  deworm	  them	  before	  he	  eats	  them.	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It	  is	  obvious	  that,	  while	  apples	  are	  generally	  healthy	  foods,	  Man	  B	  takes	  the	  time	  to	  modify	  his	   food	  source	   in	  a	  positive	  way	  that	  will,	   in	   turn,	  keep	  him	  healthier	   than	  Man	  A.	   	  Now	  consider	   two	   supercells	   in	   identical	   environments.	   	   Storm	   A	   ingests	   moist,	   sheared	  environmental	   air	   in	   its	   current	   state.	   	   On	   the	   other	   hand,	   Storm	   B	   modifies	   its	   inflow	  thereby	  ingesting	  more	  sheared	  air.	  	  This	  then	  allows	  Storm	  B	  to	  maintain	  more	  low-­‐level	  rotation	  –	  remain	  “healthier”	  –	  than	  Storm	  A.	  
4.	  WRF	  model	  parameters	  tested	  in	  sensitivity	  experiments	  prior	  to	  analysis.	  Longwave/Shortwave	  Radiation	   RRTMG,	  Goddard	  Radiation	  Call	  Times	   4	  minutes,	  30	  minutes	  WRF	  Initialization	  Data	   GFS,	  NAM,	  RUC/GFS,	  RUC/NAM	  Simulation	  Start	  Times	   27	  April	  2011	  –	  00Z,	  06Z,	  12Z	  Horizontal	  Grid	  Spacing	   12km/4km/1.333km,	  9km/3km/1km	  Vertical	  Grid	  Spacing	   28	  levels,	  60	  levels	  Microphysics	   Morrison,	  Thompson	  Surface	   layer/Surface/PBL	   namelist	  settings	   128,	  232,424,	  525,	  777	  	  	  
